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Abstract 
Bayer process is used for the production of alumina from bauxite which contains 
siliceous minerals known as reactive silica. Reactive silica is also digested during the Bayer 
process, forming desilication product (DSP) which traps significant amount of sodium from 
the caustic soda used. DSP containing red mud is discarded to the bauxite residue storage 
areas causing alarming economic and environmental concerns to the alumina industry. 
Separation of DSP from red mud is a critical step to subsequent sodium recovery. Therefore, 
methods of separating DSP from red mud originated in a Western Australian alumina refinery 
were investigated in the present study. Red mud classified into five size classes was 
characterised using particle size measurement, material density, X-ray diffraction, X-ray 
photon spectroscopy, electron microscopy fitted with energy dispersive spectroscopy. Size 
separation alone resulted in an increase of DSP from ~7% to 12-14% in finer size classes of 
red mud. Since red mud contains more than 50% iron oxides, dissolution of these oxides 
would invariably result in an increase of DSP, therefore, several dissolution mechanisms of 
these oxides were investigated. Sodium Citrate-Bicarbonate-Dithionite (CBD) method 
resulted in an increase of DSP content from ~12 to 22%, while a comparative study was also 
carried out using deferroxiamine B (DFO-B) as the complexing agent. The use of 
ultrasonically assisted-CBD resulted in a significant improvement of iron dissolution from 
red mud. Floatation behaviour of three key minerals (DSP, goethite and haematite) in red 
mud was also investigated through the use of ionic surfactants (CTAB and potassium Oleate) 
in neutral and basic pH value ranges (7.5-11.5). Electrostatic attraction was recognised as the 
mechanism of ionic collector attachment during floatation, which was explained through zeta 
potential and PZC measurements. Actual red mud was also used for the floatation studies 
with the ionic surfactants as collectors. CTAB provided superior performance compared with 
potassium oleate during floatation of red mud in terms of DSP recovery after ultrasonic pre-
treatment.  
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1 Chapter 1 Introduction 
1.1 Background 
Bauxite is the major source of aluminium containing ore used in alumina production. 
Gibbsite, boehmite and diaspore are forms of alumina that can be present in Bauxite [1, 2]. 
Alumina ores invariably consists of silicious minerals, of which a certain portion is dissolved 
(Reactive Silica or RSiO2) during the milling and digestion steps of the Bayer process [3, 4]. 
The alumina refineries are classified into low temperature (~145 ⁰C) and high temperature 
plants (~250 ⁰C or more) depending on the digestion temperature used [5]. Gibbsitic alumina 
ores are usually processed in low temperature plants while boehmitic and diasporic ores are 
processed in high temperature plants. In the case of the so-called “low temperature” refineries 
reactive silica generally consists of clay minerals such as kaolinite (Al2Si2O5.(OH)4 or 
Al2O3.2SiO2.2H2O), or Halloysite (Al2O3.2SiO2.3H2O) [3]. In “high temperature” plants, in 
addition to the kaolinite, silica in the form of quartz can also dissolve (in temperatures 
exceeding 180 °C) [1, 6]. Therefore, bauxite processed in a high temperature plants will 
almost always have a higher content of by products of RSiO2 content than that of a low 
temperature plants.  
The RSiO2 content of bauxite is often one of the major factors affecting the operating 
cost of an alumina refinery, as its reaction products represent much of the caustic soda 
consumed. As the silica dissolves it reacts with the dissolved alumina, forming a sparingly 
soluble aluminosilicate species. Once the concentration of this species passes a critical 
threshold, a zeolitic material forms spontaneously and precipitates within the bauxite slurry. 
This material is referred to as desilication product (DSP) and is mainly Bayer-sodalite [6, 7], 
although cancrinite [6, 7] can also be present, especially in high temperature refineries [8]. 
The general formula for either species is [NaAlSiO4]6.mNa2X.nH2O, in which “mNa2X” 
represents the included sodium salt intercalated within the cage structure of the zeolite. The 
DSP formed are discarded to the bauxite residue areas along with other minerals present in 
red mud. Presence of DSP is responsible for the long term alkalinity of red mud due to slow 
release of alkaline material. Therefore, separation of DSP from red mud is important to the 
alumina industry both from an economic and an environmental perspective. Gaining thorough 
knowledge of its distribution in red mud and finding a key property for its separation from the 
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rest of the minerals will be critical in recommending the best available technology for 
separation.  
1.2 Objectives 
The aim of this study was to investigate mechanisms for the separation of DSP from 
red mud which may assist in the subsequent sodium recovery. The specific aims of the 
projects are: 
1. Gaining an understanding of the DSP distribution in red mud 
2. Investigating the mechanisms of increasing the DSP content of red mud 
3. Using or modifying the surface properties of key mineral in red mud to improve 
DSP recovery  
1.3 Significance 
Separation of DSP from Red mud and the recovery of sodium in DSP are significant 
to the Alumina industry due to a number of reasons including the cost savings and 
environmental benefits. World reserves of bauxite include vast quantities of ore, which at 
present are sub-economic due to high levels of reactive silica which cause significant caustic 
soda losses to alumina industry. As the economic reserves of high grade ores diminish, 
attention is turning to how these lower grade ores may be processed at a reasonable cost [8]. 
Furthermore, the quantities of red mud produced during the production of alumina are 
immense. Generally, 1 - 2 tonnes [9-14] of solid waste generate as red mud are generated for 
every ton of alumina produced. Consequently, there are millions of tonnes of red mud stored 
beside plants, in disposal areas , which create major problems [10].  
At the entire world's 85 alumina plants it is estimated that over 90 million tonnes [13] 
of this waste is impounded annually. The amount of red mud generated in Australia also 
follows the ratio of 1-2 tonnes for 1 ton of alumina produced [15]. Hence, the amount of red 
mud produced is easily more than 30 million tonnes per year based on the Australia current 
annual alumina production [16]. The disposal of such a large quantity of alkaline waste 
sludge is expensive, as it requires a lot of land for storage. Considering the present challenges 
faced by alumina industry any efforts to minimize such costs by any value would greatly be 
welcomed by alumina industry. Not only the land impoundments but also marine disposal is 
also used [17] in some instances. The approximate area required for disposal of red mud is 
estimated as 1km
2
 per 5 years for a 1 million tonne per year alumina plant [9]. This is only 
the estimate of the land area that is required and hence it does not account for the 
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environmental problems and risks involved. The disposal of red mud tailing costs the industry 
US$ 3 per tonne of alumina production [9] or the disposal costs as per regulations may add 
up to 5% of the alumina production cost [13]. Red mud containing DSP is subsequently 
discarded from the alumina refinery; therefore, it is apparent that there is a net loss of soda 
from the refining due to the formation of DSP. The soda loss is economically significant, 
which is estimated to contribute to 20% of the cost of alumina produced with bauxites having 
high silica content (6-7%) [7, 18].  
1.3.1 Economic Benefits  
A scenario analysis for the potential cost savings for a typical alumina refinery with a 
production capacity of 3.5 million metric tons (MT) is presented below.  
Alumina produced for the year    = 3.5 MT 
Reactive silica % of bauxite in Darling range = 2.0% [3] 
Extractable alumina in Darling range   = 30% [3]  
Associated reactive silica quantity   = (3.5/0.3)*0.02 = 0.233 MT/year 
General formula of DSP    = [NaAlSiO4]6.Na2X.nH2O 
Na: Si Molar ratio     = 8: 6 
Amount of Caustic soda (NaOH) consumed  = (8/6)*0.233*(40/28) 
       = 450,000 Tonnes/year (rounded) 
Price of NaOH     = $450/Tonne 
(Price is taken as the YTD price of 2012 from Alumina limited announcement to 
Australian share exchange [19] by Alumina Limited sourced from Chemical Market 
Associates, Inc)  
Lost value of NaOH due to DSP   = $ 202.5 million per year 
With Australia producing over 20.0 million tonnes of alumina on average for the year 
ending 2008-2011 [16, 20], an extrapolation to the national scale results in a loss of 
approximately $ 1.1 billion per annum for the entire nation. Therefore, successful cost 
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effective methods of DSP separation from red mud would enable more opportunities for 
sodium recovery which would otherwise be trapped in red mud disposal areas forever.   
1.3.2 Other Benefits 
Section 1.3.1 discusses only a glimpse of the tangible benefits of this project, looking 
at an economic perspective. There will be a number of indirect benefits including reduced 
import to the country, net green house gas savings by reducing associated sea and land 
haulage, decline in the risk of hazardous cargo transhipment. Implementation of a technology 
of DSP separation in red mud would pave the way to tapping all those benefits. Moreover, it 
will help in reducing the risk of managing large deposits of bauxite residue disposal areas 
which in turn will facilitate in some way to minimise the unfortunate calamities such as the 
Budapest Hungary, MAL plant’s spill of red mud from the bauxite residue disposal area 
(BRDA) which occurred in October 2010 [21, 22].  
Moreover, Red mud has a complex chemical composition (largely dependent on the 
bauxite source) and, due to its high calcium (CaCO3:3CaO.Al2O3.6H2O) and sodium 
hydroxide content, is relatively toxic and can pose a serious pollution hazard. Furthermore, 
the DSP in the red mud contributes to the long-term alkalinity of the residue, through release 
of the encapsulated soda species, or through slow degradation of the HS structure [11]. The 
enormous quantity of red mud generated every year posses a very serious and alarming 
environmental problem.
 
To solve the disposal problem, voluminous research and 
development work for the utilization of red mud has been carried out all over the world, but 
to date very few techno-economical solutions have been found out [9]. Red mud contains 
over 35% iron oxides, which, however, cannot be used for making iron at present. The high 
content of sodium in red mud is a key reason. A new technology to separate DSP from red 
mud will also be important to the recovery of iron oxides from red mud.  
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1.4 Thesis outline 
The thesis presents and introduction to the project in the first section followed by a 
literature review relating to the Bayer process, generation of red mud, formation of DSP, 
various separation techniques used and other means of red mud storage and management. 
Chapter 3 investigates the red mud used for the present study in detail through physical 
fractionation into five different size classes. Chapter 4 provides an insight to the iron 
dissolution methods that can be used with the aim of increasing the DSP content of red mud. 
The clay fraction from the red mud separated as per the size classification used in the 
preceding chapter for enhancing the DSP content. Furthermore, two other iron dissolution 
methods were used as a comparative study. Chapter 5 investigates the separation behaviour of 
three key minerals (DSP, haematite and goethite) through floatation as an physico-chemical 
separation technique. A novel approach was taken by use of ionic surfactant to modify the 
surface charge of these minerals. Chapter 6 looks at the disintegration behaviour of red mud 
under ultrasonication and the influence of ultrasonication on red mud floatation with ionic 
surfactants. Chapter 7 includes conclusions and recommendations.  
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2 Chapter 2 Literature Review 
2.1 Bayer process and alumina production in Australia 
2.1.1 Bayer process  
Bauxite is the ore from which alumina is produced, which contains extractable 
aluminium in the form of hydroxides and oxyhydroxides of aluminium (i.e. gibbsite, 
boehmite and dispore[1]). Alumina can be produced by subjecting bauxite into alkaline 
conditions using lime (Lime Sinter process), sodium carbonate (Deville Pechinery process), 
at high temperature in reducing environment with presence of coke and nitrogen (Serpeck 
process) [23, 24]. However, to-date bauxite alkalinisation using sodium hydroxide remains 
the most economical process in Bauxites with considerable amount of iron oxides. Karl Josef 
Bayer is the one who invented the process of extracting Alumina trihydrates from Bauxite. 
The extraction of the process has been patented way back in 19
th
 century through two patents. 
His first patent was issued by the Imperial Patent Office of Germany in July 17, 1887 based 
on the discovery of aluminium hydroxide could be precipitated in crystalline form from a 
cold sodium aluminate solution [NaAl(OH)4], if seeds of Aluminium hydroxides are used. 
Shortly after the first invention Bayer found out that the required sodium aluminate solution 
can be formed by heating Bauxite with high concentrated caustic soda (NaOH) solution under 
high pressure conditions. This second discovery paved the way for his second patent issued 
by the same patenting office in January 31, 1892 [17]. Since then Alumina trihydrate (also 
known as alumina hydroxide, alumina and gibbsite) is produced on an industrial scale using 
the Bayer Process named in honour of the inventor. It is remarkable to note those two patents 
still remains the corner stone of alumina production of with more than 90% of world’s 
Alumina production [5, 25] is based on the Bayer process. The Bayer Process named after 
him, is used for refining Bauxite (named after Les Baux, the district in France where the ore 
was first mined) to smelt grade alumina, the precursor to aluminium. Typically, depending 
upon the quality of the ore, between 1.9 and 3.6 tonnes of bauxite are required to produce 1 
tonne of alumina [11]. Fig. 2-1 depicts a schematic representation of the cyclic nature of a 
typical Bayer process where Alumina is produced from Bauxite. Although, Fig. 2-1 shows 
the entire path way of Alumina from Bauxite, the key interest in the project lies in the section 
where red mud is produced. Therefore, it is important to understand the process in which red 
mud is produced in alumina industry. It can clearly be understood by referring to the 
simplified process flow diagrams of the alumina industry as presented in Fig. 2-2 to 2-4.  
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Fig. 2-1 Schematic of the basic Bayer process showing the cyclic nature of the process 
redrawn based on published literature [8, 11, 26, 27] 
 The simplified process flow diagrams of a typical alumina refinery are 
presented in Fig. 2-2 to Fig. 2-4. This is an extension of the cyclic process flow diagram 
presented in Fig. 2-1, considering the process aspects of alumina production. The mined 
bauxite is sent through the mills to achieve the required particle size for the desilication 
process. Steam is used to achieve the temperature and pressure (generally close to 
atmospheric conditions [8]) required for the desilication process. During the desilication 
process most of the reactive silica is dissolved in modern operations [8]. This step will 
usually last several hours (~15 h) before transferring the reactants to the digestor. Depending 
on the operational temperature the processing conditions and the time is varied [27, 28]. Fig. 
2-2 and Fig. 2-3 can be categorised at Area 1 and 2 of the plant where Bauxite processing is 
conducted, whereas Fig. 2-4 shows the white side of the plant (Described as Area 3 & 4). The 
white side is responsible for the calcination reactions of the alumina plant which involves the 
pyroprocessing of Al(OH)3 to Al2O3 at temperatures exceeding 1000 °C. In terms of this 
project’s perspective, the key PFDs relevant for the process is Area 2 section where red mud 
is been generated from the Bauxite digestion process.  
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Fig. 2-2 Simplified PFD of a typical alumina refinery (Area 1) 
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Fig. 2-3 Simplified PFD of a typical alumina refinery (Area 2) 
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Fig. 2-4 Simplfied PFD of a typical alumina refinery Area 3 & 4 (White Side) 
The Bayer process discussed above, which is exclusively used in Australia to refine 
smelter grade Alumina can be summerised into a four step process; 
 Digestion of the ore through heating in hot caustic solution at elevated temperatures 
and pressure to dissolve the aluminium bearing minerals (Area 1 (Fig. 2-2)).  
 Clarification of the resultant slurry, to separate undissolved components of the ore 
from the aluminium-rich solution (Area 2 (Fig. 2-3)). 
 Crystallisation of aluminium hydroxide through cooling and seeding and (Area 3 & 4) 
 Calcinations of the aluminium hydroxide to produce the final alumina product, with 
recycling of the remaining caustic liquor (Area 3 & 4).  
In addition to the major steps of the process an important element in the process 
relevant to the generation of DSP in red mud is taken place at the initial slurry storage stages 
prior to digestion, during which the crushed ore is held at an elevated temperature (lower than 
that of digestion temperature) for an extended period. The majority of “reactive silica” 
(predominantly alumina silicate clays) will dissolve and re-precipitate during this initial stage 
as desilication product (DSP) [29]. The chemical reactions corresponding to digestion of 
Bauxite can be represented as follows [11]. Reaction 1 represents the digestion of gibbsite (γ-
Al(OH)3) where as reaction 2 represents the digestion of diaspore (α-AlOOH) and boehmite 
(γ-AlOOH). In case of gibbsite the digestion temperature is in the range of 106-150 °C 
whereas boehmite and diaspore are digested in temperatures of 240 and 280 °C, respectively 
[30].  
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2.1.2 Alumina Production in Australia 
The Australian aluminium industry was born in 1955 when a Tasmanian State and 
Commonwealth government joint venture began producing alumina and aluminium at Bell 
Bay in Tasmania. This venture was established by the government back then with the 
objectives of ending the dependence of overseas supplies of aluminium, while also acquiring 
the skills and technology to produce this valuable commodity. The initial capacity of the 
plant was a (relatively) meagre 12 kilo tonnes (kt) per year, with all the bauxite used 
imported [11]. Since the beginning in 1955 the alumina industry grew nationwide in a rapid 
scale as depicted in Fig. 2-5. The location map presents the bauxite deposits, bauxite mines, 
alumina refineries and aluminium smelters within Australia.  
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Fig. 2-5 Location of bauxite deposits, bauxite mines, alumina refineries and aluminium 
smelters within Australia [7] 
Alumina production via the Bayer process is a major industry in Australia and 
contributed export quantities were 16.4 MT and 16.6 MT for the financial years of 2008-09 
and 2009-10 respectively. Australia is the world’s leading producer of alumina and during 
2008-09 exports of aluminium and alumina product reached an estimated value of AUD 
$10.7 billion [16, 29]. Today, the Australian aluminium smelting and alumina refining 
industries contribute AUD $ 4.7 billion and AUD $ 6.0 billion, respectively to Australia’s 
export income [16].  
2.1.2.1 Bauxite and Alumina a world perspective 
In the western Australian Darling range bauxite, ore bodies are defined as that part of 
lateritic horizon which has an average grade of between 28-32% American Bauxite 
extractable alumina criteria (ABEA) and <2.0% extractable Reactive Silica (or Protion of 
Silica which reacts under ABEA conditions) [31]. Based on production data from the 
International Aluminium Institute, world alumina production during 2012 increaed by 5% 
compared 2011. Increases in bauxite production from expanded, new, reopened mines in 
Australia, Brazil, China, Guniea and India were offset by declines of production in Indonesia 
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due to strict mine tariffs [32]. Therefore, it can be seen that Australia is spearheading the 
world alumina manufacturing industry by producing ~ 30% of the world Bauxite production. 
Table 2-1 sourced from 2013 US Geological Survey “Mineral Commodities Summaries”, 
gives world bauxite production and reserves by country. Furthermore, Table 2-1 gives 2011 
and 2012 production figures (sorted from highest to lowest based on 2012 production) and 
bauxite reserves, where reserve is the part that is economically recoverable with current 
technologies. 
 
Table 2-1 World bauxite production and reserves 
Country 
Production (10
6
 T) 
Reserve (10
6
 T) 
2011 2012 
Australia 70.0 73.0 6000 
China 45.0 48.0 830 
Brazil 31.8 34.0 2600 
Indonesia 37.1 30.0 1000 
India 19.0 20.0 900 
Guinea 17.6 19.0 7400 
Jamaica 10.2 10.3 2000 
Russia 5.9 6.1 200 
Kazakhstan 5.5 5.3 160 
Venezuela 4.5 4.5 320 
Suriname 4.0 4.2 580 
Other Countires 2.9 3.1 2100 
Greece 2.1 2.0 600 
Guyana 1.8 1.9 850 
Sierra Leone 1.5 1.2 180 
Vietnam 0.6 0.3 2100 
United States NA NA 20 
World total (rounded) 259 263 28,000 
N.B. Sorted by 2012 production. T = Metric Ton.  
Bauxite resources are estimated to be 55 to 75 billion tons, in Africa (32%), Oceania 
(23%), South America and the Caribbean (21%), Asia (18%), and elsewhere (6%) [32, 33]. 
Although Guinea has the highest recorded quantity of bauxite in terms of reserves, Australia 
is the largest bauxite producer in the world as per Table 2-1. The main reason for low 
production in Guinea is due to the lack of infrastructure to facilitate a big industry as opposed 
to large reserves present.  
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Fig. 2-6 Map of South-western Australia showing the occurrence of bauxitic laterites in the 
Darling Range together with mine site and alumina refineries [3] 
2.1.3 Overview of Red Mud  
Red mud is the insoluble residue remaining after caustic digestion of bauxite, the ore 
used for the production of Alumina. Red Mud consists of a mixture of caustic insoluble 
minerals originally present in the bauxite, a reaction product formed by clay or quartz in the 
bauxite reacting with the caustic-aluminate solution. Red mud is a solid waste residue formed 
after the caustic digestion of bauxite ores during the production of alumina. For every tonne 
of alumina produced, approximately 0.5 to 2.0 tonnes (dry weight) of bauxite residues are 
generated [34]. Each year, about 90 million tonnes of red mud are produced globally [13] and 
30 million tonnes of red mud are created annually in Australia. Red mud is a highly alkaline 
waste material with pH 10–12.5. Red mud is mainly composed of fine particles containing 
minerals of aluminium, iron, silicon, titanium oxides and hydroxides. Due to the alkaline 
nature and the chemical and mineralogical species present in red mud, this solid waste causes 
a significant impact on the environment and proper disposal of waste red mud presents a huge 
challenge where alumina industries are installed. Currently, most red mud produced from 
alumina plants is disposed in landfills or dumped at sea. The disposal cost is high, accounting 
for about 5% of alumina production [13]. Up to now, red mud has found limited applications 
in road making, land reclamation and cement production. Some new applications of red mud 
are being developed such as metal recovery from red mud including iron, aluminium, 
titanium and other trace metals [12].  
Red mud samples 
used in this research are 
obtained from the Worsley 
plant located in Western 
Australia, which uses 
Darling Range (shown in 
Fig. 2-6) Bauxite for its 
refinery.  
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2.2 Present industry practices to manage bauxite residue 
After obtaining an overview of red mud and its enormity as a by product of alumina 
industry, it is important to look at the present industrial practices of managing bauxite 
residue. There are several published literature on which the practices of bauxite residue 
management has been dealt in detail [17, 30]. According to these references main methods of 
bauxite residue management are Marine disposal, Lagooning, Dry stacking and Dry cake 
disposal. 
Marine disposal has been practiced by Alumina industry since the inception of the 
alumina plants. This method was preferred by countries like France, Greece, Japan and the 
United states in the past[35]. Some plants such as Gardanne in France and Viotia in Greece 
practiced this method until recently since the commencement of their operations. However, 
the general trend has been to move away from Marine and river disposals especially after the 
commitments made by UNEP workshop held in 1981 [17]. Most plants are actively seeking 
away from such disposal methods with strong commitments to find alternate mechanisms by 
2015. Currently, marine disposal accounts for approximately 2-3% for world bauxite residue.  
Conventionally in lagooning, red mud from washing circuits are pumped directly to 
land based ponds [17, 30]. Industries rely both on natural topology as well as fully fabricated 
engineering designs for the success of this method. The best practice in both cases relies on 
having lining consisting of clay based material to prevent liquor seepage to ground water 
table [11]. Advanced designs of lining such as use of impermeable plastic materials or geo 
membrane materials are common practise by industries for additional security [17].  
Drystacking which is also known as thickened tailings disposal (TTD) uses an entirely 
different concept to the previous two methods where it employs the practice of thickening the 
solid content of the slurry from an initial concentration of 48% to about 55% prior discharge. 
By reducing the liquid content the red mud waste forms a paste with thixotropic properties. 
This means the paste has high viscosity under normal conditions but would have a lower 
viscosity overtime when stress (by shaking, agitating or by other means) is applied making it 
amenable to pumping and pipeline transport at a later stage [36].  
Dry cake disposal refers to a method of increasing the solid content of red mud more 
than 65%. By mechanically removing as much water as possible prior to the disposal. The 
dry cake is not pumpable so generally transported to the mud store area by means of conveyer 
belts and trucks. Furthermore, there is no significant de-liquoring taking place once the mud 
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is transported to the storage area. These factors distinguish the dry cake disposal from dry 
stacking and other methods [37]. As thickening alone is not sufficient for the dry cake 
disposal usually a filtration step is also employed in industry. As vacuum filtration is limited 
in the differential pressure, pressure filtration is employed in achieving pressures of up to 6 
bar [17]. 
2.3 Remediation, neutralisation and rehabilitation of bauxite residue 
As red mud has become a serious problem over the years, there have been various 
remedial or neutralization measures taken by the industries to assist the major problems 
associated with red mud. Among these techniques measures of remediation with seawater, 
use of mineral acids, bioleaching, sintering and remediation with acidic gases such as CO2 
and SO2 have been discussed [17, 24, 30]. Considerable research has also been reported with 
regard to rehabilitation of the bauxite residue disposal areas [30].  
Neither the initial marine disposal techniques used by Gardanne plant since the 
beginning of the industry nor the Queensland Alumina Ltd (QAL) refineries who used sea 
water for transporting fluids for their lagoons were not completely aware of the neutralisation 
capacity of seawater [17, 38, 39]. However, they benefited by the natural neutralisation effect 
caused by remediation of red mud with seawater as seawater neutralization of alkaline 
bauxite residue, results in lowering of the salinity and the alkalinity [40]. The simplest form 
of seawater remediation is marine disposal [28, 41]. At some refineries seawater has been 
used to slurry with red mud in land disposal methods. This resulted in achieving pH levels of 
~ 9.8 [42, 43]. In QAL it was reported that waste pH was lowered to 8.6 [44], producing a 
material suitable for later reuse. It is understood that lowering of the pH value when bauxite 
residues are mixed with seawater causes the precipitation of hydroxide, carbonate or 
hydroxycarbonate minerals to be precipitated [45]. Sea water neutralized red mud has shown 
some promising outcomes as it opened up avenues such as use of removing trace metals from 
solutions and effectively neutralize acid sulphate soils [46]. Palmer et al. [45] investigated the 
effectiveness of using thermally activated seawater-neutralized red mud for the removal of 
arsenate, vanadate, and molybdate in individual and mixed solutions. They reported that due 
to the formation of 40-60% Bayer hydrotalcite during the neutralisation process thermally 
activated seawater-neutralized red mud removes at least twice the concentration of anionic 
species than thermally activated red mud alone.  
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There are some studies of using mineral acids in literature for mineralisation bauxite 
residue [47-49]. However, it has never been used as a long term solution for remediation of 
red mud. As understood based on the explanations given in literature, the high pH associated 
with red mud and the acid buffering capacity of red mud could be a main reason for this lack 
of attractiveness in using mineral acids to remediated red mud. A large amount of acid will be 
required to lower the pH of red mud to a desired pH due to this high pH and acid buffering 
capacity. Hence there will invariably be a relatively large cost associated with mineral acid 
remediation in the context of using them in red mud [17]. Furthermore, introduction of 
mineral acid to red mud will bring in other impurities such as sulphate in the case of 
sulphuric acid and chloride in the case of hydrochloric acid. This will aggravate the problem 
of management of red mud, due to the pre-treatment requirement demanded in order to 
remove these additional impurities (chlorides and sulphates) introduced in the process of 
mineral acid remediation to meet the environmental regulations [50]. 
Since the first reported instance of using boiler stack gas to meet the pH requirements 
of bauxite [51] use of CO2 to reduce the alkalinity has been later developed by Alcoa as 
means of reducing pH prior dry stacking [52]. Cooling et al. [52] study reports, the optimum 
rate of CO2 addition was found to be 25 kg CO2 per m
3
 red mud slurry with a slurry density 
of 48% solids. The pH of the carbonated red mud was reported as pH of 9. The ability of 
reducing pH in carbonated red mud were clearly demonstrated when underdrainage of the 
leachate of red mud was pH 10.5 in comparison to the pH 13 of the non-carbonated red mud 
[52]. Introduction of CO2 to solutions will result in a rapid drop of the pH due to following 
reactions taken place in alkaline solutions [53].  
                
           
      
  
    
          
         
Therefore, CO2 will consume OH
-
 in solution by formation of carbonates and 
bicarbonates. Previous studies have indicated that pH as low as 8.5 was possible when an 
over pressure was maintained above the red mud slurry, however increases to a pH of 10.5 by 
slow rise of the pH [52]. This effect has been attributed to dissolution of alkaline solid phases 
such as tricalcium aluminate (TCA) in red mud [52, 54]. TCA in red mud is formed due as a 
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result of lime used in the Bayer process for the control of carbonate liquors and as an aid to 
settling and filtration [27, 55].  
A method of using SO2 as a scrubbing gas to react with red mud has been developed 
in the industry with the aim of recovering the aluminosilicate in the residue [56]. This process 
is patented by Simitomo Aluminium Smelting Co [56] This process is able to convert SO2 to 
sodium sulphite and sulphate, while simultaneously neutralising the red mud [57]. Later the 
remediation method using SO2 has been used in other sites including the Eurallumina plant 
[17]. Although it appears that the use of SO2 scrubbing is not indented to be used for large 
scale treatment of bauxite residue [17] it is worth noting that there are a few patents published 
by the inventors to recover the soda and alumina values from the residue [58].  
Vegetation is a method used for rehabilitation of the red mud ponds and abandoned 
mine sites [30]. The factors complicating the rehabilitation of red mud residue deposits are 
hazardous nature, high pH and salinity, deprived water holding capacity, extremely low 
microbial acitivity [59]. Although, this method may not be a rapid neutralisation technique as 
seawater neutralisation, acid neutralisation, CO2 and SO2 remediation, it will have other 
benefits such as prevention of soil erosion, suppression of dust generation and the possible 
ability to use comparatively larger amounts of red mud compared to other techniques [30].    
2.4 Formation of DSP 
Desilication Product (DSP) is a collective term used to describe several silica 
containing compounds that precipitates as a result of the dissolution of reactive silica from 
bauxite into Bayer liquor as explained in detail later in this section of the report. Dissolution 
of reactive silica mostly occurs during the operations of pre-digestion and digestion of 
bauxite. Sodalite is the most common type of DSP in red mud.  
Kaolin, which is usually present with Bauxite, reacts to form sodium aluminium 
silicate hydrate [60], either sodalite type or cancrinite type. The reaction is generally thought 
to proceed on the dissolution of Kaolin followed by precipitation of DSP as given in Equation 
5 and Equation 6 [4, 6]. 
Al O3. SiO . H 0  6OH
-  SiO3 
 -     Al(OH)4
  
 H O      5 
6SiO3 
 -    6Al(OH)4
    Na   (6-y) H O Na Al6Si6O 4.X .yH O  1 OH
-    6
 
 DSP 
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Bayer sodalite is presented in Equation 6 (in which X represents a variety of inorganic 
anions, most commonly sulphate, carbonate, chloride, aluminate and hydroxide) [8]. It is 
evident from the above discussion that a significant amount of caustic soda is consumed as a 
result of reaction with the siliceous minerals in bauxite digestion. This effect is more 
prominent in Alumina refineries processing Bauxite with high concentrations of silica 
minerals. The caustic soda consumption can represent a significant fraction of the overall 
processing cost [25]. 
The DSP produced during the Bayer process contains inclusion compounds of NaCl, 
Na2CO3 and Na2SO4. These chemicals present in Bayer liquor are known as impurities as 
they retard the efficiency of the Bayer process. Formation of DSP removed these impurity 
chemicals from the liquor due to impurity anions such as CO3
2-
, SO4
2-
 and Cl
-
 being trapped 
in the DSP cage [6, 61]. Out of the impurity elements mentioned, Na2CO3 and Na2SO4 are 
formed by reaction with atmospheric carbon dioxide and dissolution of carbonate containing 
minerals and sulphur containing minerals present in Bauxite, respectively [6, 8, 61]. Removal 
of such impurity products is of paramount importance for both improved efficiency of the 
Bayer Process and purity of the Bayer Liquor [6]. Hence, the formation of DSP is indirectly 
advantages to the process. Therefore, the opportunity of separating DSP with red mud in the 
downstream process can be considered as advantageous in contrast to the removal of 
Siliceous mineral from Bauxite, which has been looked as an opportunity of mitigating the 
formation of DSP in Bayer process [8, 62]. 
2.4.1 Common forms of DSP in red mud 
Smith et al. [61] reports Hydroxysodalite (HS) is formed predominantly in the low 
temperature (150 °C) refineries. The presence of lime does not influence the composition of 
HS. However, there are a variety of DSPs formed in high temperature refineries (250 °C) 
especially in the presence of lime.   
1. Hydroxysodalie (HS) Na6Al6Si6O24.mNa2X.yH2O 
The term mNa2X represents the included ions in the cages of the aluminosilicate 
frame work. Charge balance requires monovalent ion in each cage or a divalent ion in 
every other cage for full occupancy (Fig. 2-7).  
2. Cancrinite- Basic Cancrinite has the same stoichiometry to HS but a different 
structure. (Fig. 2-8). The distribution of the included ions is different due to the 
formation of channels in addition to individual structural cages smaller than in HS. 
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Most likely inclusion is Carbonate. Unlike HS, Calcium can substitute for Sodium 
within the aluminosilicate structure.  
Other compounds that can be considered desilication products (which are particularly 
relevant to options for processing high silica bauxites) are the hydrogarnet series of minerals. 
These minerals are also known as Tri-Calcium Aluminate Silicates (TCAS). These are 
hydroxysubstituted grossulars of the general formula Ca3Al2(SiO4)n(OH)12−4n. Natural 
minerals exist for integer n values, 0 (hydrogrossular or tricalcium aluminate (TCA)), 1 
(katoite), 2 (hibbschite) and 3 (grossular). Isomorphous substitution of Si
4+ 
for 4H
+
 gives rise 
to a range of solid solution compounds under Bayer conditions, ranging from 0<n<0.6 [8] 
 
Fig. 2-7 Structural Unit of Sodalite(SOD); Truncated Octahedral SOD cages with 
incorporated ions (a) and the complete crystal shown (b) by joining the Si and Al toms 
together with stacking of SOD cages [8, 61, 63] 
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Fig. 2-8 Structure of Cancrinite (hexagonal). Cancrinite has two possible sites for included 
ions, either in cages which are smaller than those in Sodalite, or in channels which are wider 
than the Sodalite cage dimensions [63]. 
2.4.2 Impact of DSP formation on the Bayer Process 
The previous discussion explains the formation of DSP from various forms of Silica 
in Bauxite including Kaolinite (Al2O3.2SiO2.2H2O) and Quartz. Generally Kaolinite accounts 
for the majority of the reactive silica found in Bauxite [64]. Each tonne of silica that dissolves 
from bauxite consumes approximately 1.18 tonnes of caustic soda in forming DSP, which can 
represent a siginificant loss to the process in terms of soda and alumina values [25]. The 
actual quantity of DSP formed depends on the amount of reactive silica from kaolin in the 
original bauxite, which may vary from 5 to 40 wt. % of the red mud solids [65]. Separating 
the DSP from red mud or DSP beneficiation would reduce the amount of inert material to be 
treated in prospective caustic soda recovery processes. This would not only lower capital 
costs but also operating and maintenance costs, especially for those processes which are 
energy intensive. 
2.5 Review of minerals and their properties in red mud 
It is important to understand the other minerals present in red mud after having 
understood the relevance of DSP in red mud. Bauxite residue contains approximately 70% 
crystalline material and 30% amorphous materials [66]. There are varying degrees of 
mineralogical compositions based on the origin of red mud [67]. Some of the most commonly 
found minerals in red mud are haematite, goethite, anatase, rutile, DSP, calcite, quartz [17, 
66]. It is understandable that the mineralogy of bauxite residue originates both as a result of 
precursor bauxite as well as due to the minerals formed in the Bayer process. The minerals 
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formed due to latter reason are known as Bayer process characteristic solids (BPCSs). Due to 
this mineralogy dependency of red mud on bauxite and processing conditions the actual 
mineralogy and content vary from plant to plant and location to location [67]and based on the 
operational conditions [8]. In a recent review published on alkalinity and associated 
chemistry of Bayer residue important surface chemical properties of red mud are presented 
[68] . Based on those reviews and other references the density and point of zero charge values 
of minerals of red mud are listed in Table 2-2 which will be of significant importance in 
evaluating the potential options of separation of DSP from red mud. 
Table 2-2 Density and PZC values of minerals in red mud 
Main mineral 
phases[68] 
Unit cell formula[68] Specific Gravity PZC
1
 
Haematite α-Fe2O3 4.2 [69] 8.7-9.8[68] 
Goethite α-FeOOH 4.3 [69] 7.5-8.5[68] 
Magnetite Fe3O4 5.2[69] 6.8[68] 
Boehmite γ-AlOOH 3.1[69] 8.2[68] 
Gibbsite γ-Al(OH)3 2.4[69] 5.0[68] 
Diaspore α -AlOOH 3.4[69] 6.4[68] 
Sodalite (DSP)
2
 Na6Al6Si6O24(Na2SO4,NaOH) 2.1-2.3[70] n/d
3
 
Cancrinite Na6Al6Si6O24.2(CaCO3) 2.1-2.3[70] n/d 
Quartz SiO2 2.7 [69] < 2.0[68] 
Rutite TiO2 4.2 [69] 4.6[68] 
Anatase TiO2 3.8 [69] 5.9-6.3[68] 
Perovskite CaTi
IV
O3 4.0 [69] 8.1[68] 
Illmenite Ti
IV
Fe
II
O3 4.8 [69] n/d 
Calcite CaCO3 2.7[69] 8.3[68], 
9.5[71] 
Tri-Calcium 
Aluminate (TCA) 
Ca3Al2(OH)12 3.0 [72] n/d 
Hydrocalumite Ca4Al2(OH)12.CO3.6H2O 2.2 [73] n/d 
Whewellite CaC2O4 2.2 [73] n/d 
Dawsonite NaAl(OH)2.CO3 2.4 [73] n/d 
                                                 
1
 PZC-Point of Zero Charge 
2
 Minerals in bold presents characteristic red mud  
3
 n/d-not determined 
2.6 Physical separation techniques 
An important operation in mineral processing is physically separating the grains of 
valuable minerals (concentrate) from the gangue minerals (tailing). The most important 
physical methods of separation used in the mineral industries are based on: (1) optical and 
radioactive properties (sorting). (2) Specific gravity difference (dense medium separation, 
gravity separation); (3) Different surface properties (froth flotation); (4) magnetic properties; 
and (5) Electrical conductivity properties (high tension separation) Extractive or chemical 
separations based on hydro and pyrometallurgical routes are also used and often offer higher 
recoveries [74]. In some cases, combinations of two or more techniques are necessary to 
separate concentrate and tailing economically. Separations which use differences in specific 
gravity are one of the most commonly used, because of their effectiveness, low cost and 
operational simplicity [75, 76]. Some of the key physical separation techniques are reviewed 
which has some potential practical relevance to DSP separation from red mud.  
2.6.1 Wet Sieving 
Sieving is a screening process where a downstream process stream is obtained by 
passing through a surface having many apertures or holes usually of uniform dimensions. The 
shapes of the aperture can vary. Although sieving is probably the oldest method in terms of 
material classification it is widely used even until today due to its ability to screen particles as 
low as 3 µm and as high as 125 mm [71, 77]. One stream will be retained over the screen and 
the other will pass through the sieve which would essentially particles smaller than the 
aperture size of the screen [74]. In case of wet sieving a stream of liquid in most cases water 
is added to assist the separation for finer size particles than that can be achieved with only dry 
sieving [78, 79]. 
There have been a few studies of using sieve separation to study the separation 
behaviour of the minerals present in red mud too. In a study by Hyun et al [80] for Reduction 
of chlorine in bauxite residue by fine particle separation both wet sieving and cyclone 
separation of red mud were studied. Chemical composition analysis and XRD results indicate 
DSP is concentrated in the finer fraction smaller than 74 microns. However, a detailed 
investigation as such as particle morphology and size of DSP and its shape information was 
not a focus in this study. Hence, some further investigations are required to under the 
presence of DSP in red mud.  
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2.6.2 Cyclone in series 
Cyclone in series is a subset of mineral separation through classification. 
Classification is defined as a method of separating mixtures of minerals into two or more 
products on the basis of velocity with which the grains fall through a fluid medium [81]. 
Water is used as the most common fluid medium in mineral processing for wet classification 
when particles are too large in size for efficiently separating through screens [74]. A slurry of 
the mixture of materials is introduced to the cyclone (or hydrocyclone) tangentially to 
separate the mixture of materials based on sedimentation differences which will separate into 
two parts know as the overflow and the underflow of the cyclone [74, 82]. In a series of 
cyclones the underflow is connected to succeeding cyclone. Depending on the desired level 
of separation the number of cyclones can be increased. Hydrocylone technique is commonly 
used in mineral processing and more recently in the fields on environmental engineering [82].  
Red mud is mixture of minerals with varying sedimentation differences. Therefore, 
cyclone in series is an avenue claimed by researchers for seeking the possibility of DSP 
separation from red mud [80, 83]. Examples of compound in red mud having a high 
sedimentation rate include hematite (Fe2O3), anatase (TiO2), and boehmite (γ-AlOOH) and 
examples of compounds in red mud having a low sedimentation rate include goethite 
(FeOOH), sodalite (Na8Al6Si6Cl2O24.mH2O), rutile (TiO2) and gibbsite (AlOH3)[84]. Sikloski 
et al (2002) claimed that using hydrocylones in series a concentrated mix of DSP in red mud 
can be achieved which are having a particle size of less than 45 m [83]. However, none of 
these studies have done a full investigation of the presence of DSP in red mud in all particle 
size classes and its association with other minerals which will help to understand in 
developing a mechanism for DSP separation from red mud. In order to use hydrocylones 
successfully for the purpose of concentrating DSP in red mud it is imperative to have clear 
understanding of the presence of DSP in red mud. 
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2.6.3 Centrifuge separation 
There are an extensive type of centrifugation methods used [74, 85, 86] industrially 
mainly for the purpose of dewatering [74, 85]. Out of the many types, the solid bowl scroll 
centrifuge having widest use in the minerals industry due to its ability to discharge the solids 
continuously [74, 85]. In terms of a research perspective use of laboratory centrifuges 
coupled with sedimentation technique [87, 88] has been used in soil chemical analysis studies 
to classify mineral for detailed investigation of particle size classifications. 
In a previous study [88] of red mud the technique of sedimentation and centrifugation 
has been used for classifying red mud. The results presented in that study confirms that the 
highest fraction of DSP is in the finest particle size ranges of less than 20 microns. Although 
the same study presents the quantitative distribution of DSP in red mud based on particles 
size classes and the general morphology of DSP it does not report about the DSP morphology 
in each size class which is important in broadening the understanding of presence of DSP in 
red mud. Therefore, one of the main objectives in size classification study presented in this 
thesis is to investigate the morphology and in the interaction of DSP in each size class of red 
mud. Furthermore, new characterisation such as particle size distribution, XRD analysis, EDS 
analysis will also be of interest to study. 
2.7 Review of particle separation techniques 
An analysis of the available separation technologies used in the industry shows that 
one of the best techniques for fine particle separation is foam and bubble fractionation which 
uses the surface activity as the driving force of separation (Fig. 2-9). Foam and bubble 
fractionation can separate particles from 0.1 micron to a several hundred microns 
successfully. As revealed in the literature review so far and the preliminary results of the 
projects confirm that DSP is present in particle size ranging in a few microns. It is confirmed 
during preliminary experiments that DSP is present in particle size class less than 10 microns 
and some researchers claim DSP to be present in particle class less than 5 microns [88]. 
Therefore the research confirms that DSP is present in very fine particle size class which 
makes it extremely difficult to separate DSP from red mud using physical properties such as 
particle size and density properties of material alone. Hence, foam and bubble fractionation 
would be a possible candidate which can be used for separation investigation.  
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Fig. 2-9 Various separation process based the driving force of separation and the useful 
particle size ranges of operation [71] 
 
2.8 Fine particle surface modification techniques 
In particle separation and processing mechanisms it is required to modify the particle 
surfaces to induce the required driving force for the subsequent separation steps [71]. Such 
requirements are more dominant in a complex system in which colloidal particles are 
involved [89]. Since red mud contains very finely divided colloidal particles, surface 
modification technique is relevant for this project. Due to the complex interactions and 
surface chemistry of colloidal particles involved in red mud there may be a necessity to 
modify red mud by way of surface treatments. Furthermore, in a system such as red mud 
which contains a number of minerals surface modifications would enable in achieving the 
driving force required for separations. There is a detailed account in this subject [71], from 
which the main methods of surface modifications are presented in the form of a chart (Fig. 
2-10). The most common processes of surface treatment are listed under each category of 
method.  
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Fig. 2-10 Methods of modifying particle surfaces 
In relation to this project some of these methods will be used for the purpose of 
investigating the separation of DSP from red mud. It has been reported that DSP particles are 
masked with the presence of impurity particles [88]. Furthermore, DSP is concentrated in the 
finer fraction of the red mud [80, 88] suggesting that mechanisms such as deagglomeration 
using treatments such as ultrasonication and modifications of such as surfactant adsorption 
would be required to induce required separation of DSP from red mud.  
2.9 Gas/Liquid interfacial separations 
The original method for particle separation at gas/liquid interface was so called the 
skin floatation developed over a century ago. However, due to the low efficiency and low 
production the skin floatation was replaced by the rapidly developing froth floatation. [71, 74, 
90] The latter option has now become the widely used in mineral industry. In fact froth 
floatation has now been applied to industries such as de-inking in recycled paper. Kodak 
Company employs froth floatation to recover metallic silver from photographic residues, 
floatation of crude oil from tar sands has been reported in Northern Albarta, Canada [91]. 
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Bubble separation processes have been used in separation of biological material such as 
enzymes [92], albumin, penicillin [93] viruses and bacteria and organic compounds. e.g. 
phenols [94] Therefore, floatation has wide spread approach across many industries. 
Floatation has been used in alumina industry for improving the Alumina/ Silica ratio of 
bauxite especially in China [8]. However, there have been no previous attempts of floatation 
being used for the separation of DSP from red mud in the alumina industry. This is another 
motivation to apply froth floatation for separation of DSP from red mud exploiting the 
surface chemical difference that is naturally prevailing or that can be induced by surfactant 
treatment.  
2.9.1 Some background of froth floatation  
Froth floatation is physio-chemical separation process exploits the hydrophobic and 
hydrophilic nature of material for the separation process where hydrophobic materials are 
collected at the froth section which is collected during the bubbling process. Schematic 
diagram shown in Fig. 2-11 demonstrates the fundamental physio-chemical separation 
process taking place in a froth floatation cell.  
 
Fig. 2-11 Schematic diagram demonstrating the attachment of hydrophobic particles to air 
bubbles in a froth floatation cell. 
The three main processes of material being recovered by floatation from the pulp 
comprises of three mechanisms [74]; 
1. Selective attachment to air bubbles (also termed “true floatation”) 
2. Entrainment in the water which passes through the froth 
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3. Physical entrapment between particles in the froth attached to the air bubbles (also 
called “aggregation”) 
The mineral particles can only attach to the air bubbles if they are to some extent 
water-repellent, or hydrophobic. Having attached to the surface of the mineral, the air 
bubbles can only continue to support the mineral particles if they can form a stable froth, 
otherwise they will burst and drop the mineral back to the pulp.  
The activity of mineral surface in relation to floatation reagent in water depends 
on the forces which act on that surface. These forces are presented in Fig. 2-12 where γ s/a, 
γ s/w and γ w/a are the surface energies between solid and air, solid and water and water and 
air, respectively, and θ is the contact angle between the mineral surface and the bubble.  
 
Fig. 2-12 Contact angle between bubble and particle in an aqueous medium [Redrawn from 
[74]] 
The tensile forces lead to the development of an angle between the mineral surface 
and the bubble surface. At equilibrium (equation 7 is known as “Young’s Equation”, [95])  
                         7 
The force required to break the particle-bubble interface is called the work of 
adhesion, Ws/a, which is equal to the work required to separate the solid-air interface and 
produce separate air-water and solid-water interfaces, i.e. 
                             8 
Combining with Equations 7 and 8 gives; 
                        9 
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It can be seen that the greater the contact angle, the greater is the work of adhesion 
between particle and bubble and the more resilient the system is to disruptive forces. The 
hydrophobicity of a mineral therefore increases with the contact angle; minerals with a high 
contact angle are said to be aerophilic (or hydrophobic), i.e. they have a higher affinity for air 
than for water [74, 91]. 
It is evident from the above discussion that some minerals are hydrophobic where as 
some minerals are not. Hydrophobic minerals naturally posses the floatable characteristics 
where as hydrophilic minerals needs to be given hydrophobicity by way of a surfactant 
termed collector (as they collect the minerals based on the surface properties). In general 
practice it is common to use collectors for improving the separation efficiency of minerals 
even for hydrophobic minerals [74]. Table 2-3 provides general classification of minerals 
based on the wetability of material along with the potential collectors that can be used in 
floatation separation. 
2.9.2 Recent developments in fine particle floatation  
In mineral processing, froth flotation is regarded as the best available technique for 
separating fine particles; however, it becomes inefficient when the particle size is very small 
(less than approximately 10 µm) or when the ore contains a large amount of finely dispersed 
clay or silicious gangue material [96]. 
The reasons for such difficulties are explained by Mathur of Engelhard Corporation 
for his work on Kaolin floatation. First, the small mass and momentum of the fine particles 
cause these to report to the froth either due to entrainment in the liquid or mechanical 
entrapment within the particles being floated. Second, the large specific surface area of fine 
particles results in excessive collector consumption. Third, surface and electrochemical 
properties of fine particles tend to be different from the properties of coarse particles of the 
same material. The higher solubility or leaching of cations from fine particles owing to the 
high specific surface energy may lead to unwanted activation of non-floatable minerals and 
thus loss of selectivity [97]. 
However, there have been promising results by a number of researchers with 
floatation of ultrafine particles using improved techniques for conventional floatation cells. 
One of the main approaches is to use reduced bubble sizes for aeration. The batch floatation 
cell which will be used in this research is based on a similar design adopted by those 
researchers (Fig. 2-11). This design was successfully used during the research of Nguyen et 
Chapter 2 
30 
 
al. (2006), they were successful in floating silica particles down to 40-160 nm. The bubble 
sizes used for floatation are of typical average diameter of 150 µm in their research. Since 
DSP particle size is considerably larger (1-5 µm), according to studies by Ho et al (1992) the 
potential for floatation of DSP under reduced bubble size is much higher.  
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Table 2-3 Classification of minerals according to their wetability and floatation 
Mineral Group 
Characteristics of broken bonds on 
surface Wet ability Floatation Reagent Example 
Non-polar  
Molecular, mainly dispersion 
bonding 
Strong 
Hydrophobic No Collector needed only non polar oil 
Wax, Polymer latex, 
Natural Sulfur 
Natural 
Hydrophobic 
layer-type 
Molecular, with few strong 
bonding at mineral edges Hydrophobic Nonpolar oil 
Talc, Graphite, 
Molybdenite 
Sulphides, 
natural metals 
Ionic-Covalent bonding with self-
saturation; Metallic-bonding Weak Hydrophilic Thiol Collectors e.g. Xanthates 
Galena, Pyrites, 
Sphalerite, Gold 
Salt-type 
minerals Ionic Bonding Strong Hydrophilic Fatty acids 
Fluorite, Barite, 
Apatite, Scheelite 
Oxides Ionic-Covalent bonding Strong Hydrophilic 
Fatty acids and other hydroxyl 
collectors 
Hematite, Rutile, 
Cassiderite  
Silicates Ionic-Covalent bonding Strong Hydrophilic Amines Mica, Kaolin, Quartz 
  Ionic Bonding Strong Hydrophilic Amines, Seldom Fatty Acids 
Halite, Sylvite, 
Kainite 
Reference: Interfacial Separation of particles by Lu et al (2005)[71] 
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2.9.3 Selection of the collector 
DSP being an aluminosilicate material is categorised as a strong hydrophilic material 
in terms of the mineral classification. Therefore, it is required to identify a suitable collector 
to be used in the floatation process of DSP from red mud. Amine collectors are readily used 
in industries for the separation of silicate minerals [71, 91, 98]. There are a number of 
successful attempts of using amine surfactants for the selective separation of silicate minerals 
even in the alumina related research and industry [99]. However, these techniques were 
applied in alumina industry to increase the Alumina/Silica ratio in bauxites [8]and not for the 
processing of red mud. Potash industry also uses amine surfactants for beneficiation of salts 
[98, 100]. Since DSP is formed due to the presence of reactive silica (mainly Kaolin) amine 
surfactants or related cationic surfactants can be potential candidate for DSP recovery. 
Furthermore, a study by Takeda & Matsuoka [101] has proven that hematite can be separated 
by using reverse flotation where quartz is separated. Therefore, the successes in the 
selectivity of DSP in red mud with an amine surfactant match with the need for DSP 
separation as DSP becomes unstable in pH lower than 7 [88]. Moreover, the presence of iron 
containing minerals such as Goethite and Hematite would have a less affinity to amine 
surfactants especially at pH values above 8 [101]. 
Not only silicate minerals but also zeolite (DSP is a zeolitic material) itself has been 
separated using amine surfactants from a mother liquor of minerals. The process dates back 
from 1974 which gives strong chance for separation of DSP from red mud using an amine 
collector [102]. Table 2-4 presents a list of collectors that will be used for the batch floatation 
experiments summarised from the above discussion.  
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Table 2-4 Potential collectors (surfactants) to be used  
Surfactant Reference 
n-Hexylamine Takeda & Matsuoka (1990) [101] 
Cetyltrimethyl ammonium bromide Nguyen et al (2006) [103] 
Gemini quaternary ammonium salt butane-α, ω-
bis (dimethyl dodecyl ammonium bromide)  
Zhong et al (2008) [99] 
N-Cetyl Morphonium ethosulfate Abbot (1975) [102] 
N-Ethyl Morphonium ethosulfate  Abbot (1975) [102] 
Sodium Oleate, Pottasium Oleate Laskowski (1994)[104] Kulkarni 
(1980)[105] 
 
During this study it is intended to use CTAB as the cationic surfactant for inducing 
the hydrophobicity required to generate floatation of naturally hydrophilic DSP (Alumino 
silicate minerals are categorised as strong hydrophllic [91], therefore it is estimated DSP 
would behave the same). For comparative studies the floatation behaviour of Pottasium 
Oleate will be used as an anionic surfactant to study the floatation behaviour of minerals 
present in red mud.  
2.9.4 Selection of a frother 
Frother is added to the floatation process to stabilise the froth formed in a floatation 
cell. Furthermore, the bubble size generated in the floatation cell is also reduced by the 
frother added to the process. [106] Fig. 2-13 shows commonly used industrial frothers and 
their surface tension isotherms. Frothers fall more or less distinctly into two groups, one 
includes quite surface active compounds (DF-1012, a-terpineol), while the other (diacetone 
alcohol, MIBC) are not surface active at all, with the DF-200 frother situated somewhere 
between these two groups[106]. Therefore, MIBC is used as the frother in assisting the 
frothing process in this study.  
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Fig. 2-13 Surface tension isotherms for commonly used industrial frothers [106] 
2.9.5 Other reagents 
It is well known that there is usually an optimum pulp pH range at which a mineral 
responds best to floatation collector, and the effect of a floatation collector also depends on 
the solution pH especially in the case of using ionic surfactants. These reagents are generally 
required in minute quantities are different acids and bases such as sulfuric acids, sodium 
carbonate, sodium hydroxide etc.  
2.9.6 Methods of generation of air bubbles in liquid phase 
In order to produce massive quantities of homogenously dispersed air bubbles in the 
liquid phase, four methods are used. The frequently used method is mechanical agitation. By 
means of violent mechanical agitation, air is sucked in and dispersed into air bubbles. 
Alternatively, air bubbles can be generated by gas release from solution, air blowing or 
ejecting through a porous medium or gas generated by water electrolysis [71]. Table 2-5 
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presents a comparison of the air bubbles generated in various aeration techniques. As a 
general rule of thumb, the optimum ratio of particle size to bubble size is 1/5 [71, 107]. 
Therefore, if we are intending to separate micron range particles from a suspension such as 
DSP in red mud, the aerated bubbles should also be in the micron range.  
Table 2-5 Bubble size of various aeration techniques [71] 
Bubble Generating Method Aeration 
Mechanical 
Agitation Vacuum Electrolysis 
Average size of bubble 
(mm) ~2 0.5-1.0 0.1-0.5 0.02-0.06 
 
2.9.6.1 Gas ejection through a porous medium 
Out of the other methods of air bubble generation discussed in section 2.9.6 gas 
ejection through a porous medium is the most suitable in this project due to the technical and 
industrial applicability. In this method, air bubbles are produced by ejection of air through a 
porous medium with small holes, such as fibre, porous ceramic or plastics, perforated rubber 
and sintered glass, etc. The dimensions of the air bubbles produced in this way are related to 
the diameter of micro-pores and also interfacial tension of liquid. Equation 10 represents this 
relationship [71]. 
     √     
 
         10 
Where, Rb is the radius of air bubble (cm); r, is the radius of micro-pores (cm); and γgl 
is the gas/liquid interfacial tension, (mN/m). 
Equation 10 holds true for r <2 mm. Moreover, it can be seen that, the relationship of 
reduced gas bubble formation with addition of a frother to the system is in agreement with 
explanation by Melo and Laskowaski [108]. Moreover, these types of floatation devices have 
been used for fundamental research [103, 109, 110].  
2.10 Iron dissolution mechanisms 
Iron oxide is a major component of red mud. The content of iron oxide in red mud 
originates from Bauxite an earth material that is used for the production of Smelter Grade 
Alumina (SGA). Presence of large amount of iron oxide creates a number of issues including 
finite particles of iron oxide particles agglomerating with other minerals in red mud. Such 
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attachments make separation of any required mineral components from red mud extremely 
difficult. DSP is one such interested mineral component by alumina industries world over 
would be content to separate from red mud due to the inherent problems created by presence 
of DSP in red mud. One approach for separation of DSP from red mud is by removing the 
high iron oxide content present in red mud. This approach seems to make technically prudent 
considering the high iron oxide content of red mud recording as high as 60% [67]. Although 
this technique appears to be expensive to be used industrially, it will provide other 
advantages such as purification of DSP in red mud for further studies. Since the iron oxides 
in red mud are originated from Bauxite which is a soil mineral to start with, a brief review of 
iron dissolution mechanisms are done to understand the principles of iron dissolution from 
which the best method could be selected for the study. The weathering of rocks and formation 
of soils as well as processes in the formation, alteration and dissolution of sediments are 
governed by the surface reactions at the interface of between minerals and water [111]. 
Naturally iron oxides have low to very low solubility [112].  
2.10.1 Principles of iron oxide dissolution 
The driving force for dissolution of iron oxide is under saturation with respect to 
oxides. A better approach to understand this process is comparison of crystallisation and 
dissolution. In other words under-saturation in dissolution is analogous to super saturation in 
crystallisation. In natural systems aqueous solutions are most often closely saturated with 
respect to iron oxides causing the dissolution process to be extremely slow. The three 
principal reactions by which iron oxides release Fe into aqueous solutions are protonation, 
complexation and reduction [111, 113, 114]. In these three reactions Fe
3+
 cations and Fe
2+
 
cations and Fe
2+
 or Fe 
3+
 complexes are produced respectively [114]. In order to understand 
the dissolution mechanisms of metal oxides such as iron oxides found red mud, it is important 
to have a clear understanding of the dissolution reactions of iron oxides.  
2.10.1.1 Protonation 
Protonation is the process by which an H+ ion is adsorbed to the surface of iron 
oxides which would result in a subsequent metal iron detachment from the metal oxide. The 
general reaction between protons and Fe (III) oxides (e.g Goethite) and H+ ion is presented 
below.  
FeOOH(aq) +  H
+
  Fe(OH)2
+
(aq)  
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The stepwise proton adsorption to the Goethite metal site and the detachment step is 
explained in detail in Stumm [111, 115]. An illustration given to a general metal site in [115] 
is redrawn for the purpose of visualisation of the stepwise Fe detachment in an iron oxide 
metal site (Fig. 2-14) with an H+ ion. A brief summary of the protonation reaction based on 
previous explanations can be given as follows. The first three steps of the schematic shown in 
Fig. 2-14 represent the protonation of the neighbouring oxide or hydroxide ions. The 
protonation step will destabilise the Fe-Oxygen bond due to polarization and weakening. An 
electron will then transfer to the metal surface which will move freely to the surface layer 
until it has been consumed by the metal ion resulting in a detachment.   
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Fig. 2-14 The proton catalysed dissolution process at a Fe2O3 surface site. Redrawn from 
M2O3 site reported in literature [115] 
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2.10.1.2 Complexation 
This mechanism of iron dissolution is also known as ligand controlled dissolution of 
metal oxides have an influence on weathering of oxide minerals [113, 116, 117]. A general 
mechanism for complexation has been proposed which included a three step process (Fig. 
2-15) [118]. The first step is the ligand adsorption, second step which is the rate determining 
slow process of metal detachment of surface metal centre and the fast regeneration step by 
the adsorption of a proton present in the liquid phase. The process can also be related to the 
iron oxide dissolution through complexation [115].  
 
Fig. 2-15 Reaction steps involved in the complexation mechanism 
2.10.1.3 Reduction 
As the name suggests the reduction mechanism involves reducing of the iron oxide 
species (Most commonly the stable Fe
3+
 ions to Fe
2+
 ions through the use of a reducing agent 
[87, 112, 114]). The commonly used iron oxide reduction methods are briefly reviewed in 
this section of the thesis. There are two main categories of reduction methods which are the 
chemical reduction methods and the biological reduction methods. Based on the available 
literature it is understood that chemical reducing agents have been studied most compared to 
biological reduction methods. The most possible reason for this could be to the larger 
availability of the chemical reducing agents and the complexities involved in the biological 
reducing methods. In other words, the biological reducing method studies mostly involve 
natural system and the use of biologically excreted reducing agents.  
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Various chemical reduction methods are available in terms of iron dissolution. 
However, the critical factor in terms of those methods is the pH at which these dissolution 
studies are conducted. Phenolic methods have been investigated for goethite dissolution 
which demanded the pH to be operated at around pH 3.5-4.0 to achieve a maximum 
dissolution of goethite [119]. Oxalate is another chemical used for iron dissolution [120] 
which was observed to be improved when used with the aid of lighting and UV. In this 
method Fe in iron oxides were reduced to Fe
2+
 while oxalate was oxidised to CO2 [120, 121]. 
It is reported that maximum dissolution of goethite would take place at pH 2.6 in oxalate 
method [120]. Other most commonly used reduction method is the citrate-bicarbonate-
dithionite (CBD) method [87, 122, 123]. The advantage of this method over other technique 
with respect to red mud is pH at which the dissolution is conducted. The optimum pH for the 
dissolution of haematite and goethite have previously been measured at pH 7.3 [124] . The 
use of bicarbonate buffers the system at neutral pH [87], which makes CBD method one of 
the mildest means of iron dissolution in comparison to other chemical reduction methods. pH 
is a critical value in terms of the present study because DSP in red mud begins to dissolve at 
neutral pH [47] . Furthermore, this method have previously used in a study to investigate the 
DSP morphology in an actual red mud sample [88]. However, according to our knowledge 
there has been limited studies stepwise dissolution of using CBD as a technique to investigate 
iron dissolution in red mud. 
The other reduction method is the microbial reduction of Fe-oxides prevailing in soils 
and sedimentary environments [125]. This method has extensively been studied especially 
natural and biogeochemical cycles as it catalyses the iron dissolution [126-128], of which 
iron III oxides are the most abundant in the sedimentary environments [129]. Bauxite is 
sedmintaory rock from which Al is extracted in the Bayer process of which most part will be 
left with . In soil rizosphere this method has evolved as a means of increasing the bio-
avaibility of Fe for plant uptake [113]. It is claimed that in neutral and basic environments 
this problem is aggravated. The main reason for biological reduction of Fe is to overcome the 
issue of low availability of Fe and make undissolved iron oxide particles to the solution state 
so that sufficient Fe ions are present in soil for subsequent plant uptake [114]. Plants have 
devised a solution of excreting bio enzymes such as siderophores in soils with neutral and 
basic pH conditions [114]. Although the Fe release from this technique is anticipated to be 
lower than chemical reduction methods, it will have its advantages such as lower cost 
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involved with the process and the potential to incorporate siderophores from natural soil 
environments.  
Out of the three main reaction mechanisms (protonation, complexation and reduction) 
involving iron oxide dissolution, reduction is the strongest means of dissolving iron oxide 
[88, 114]. Furthermore, DSP dissolved at a critical pH value requiring the solution pH to be 
maintained above this critical pH (around pH 7, [130, 131]) so that DSP is not dissolved 
during the iron oxide dissolution step. Based on this understanding it can be perceived that a 
reduction method to remove iron oxide is superior which occurs above pH 7.  
2.11 Utilization of red mud 
As revealed in literature nearly 3 million tons of red mud is present globally as a 
result of alumina production which is stagnated in close vicinity to alumina refineries [17]. 
Storage locations vary from purposely built, well-engineered containment areas through to 
simply utilizing natural landscape depressions and the bottom of the ocean (marine disposal) 
[12, 17]. Because of this long term problem there have been numerous attempts to utilize red 
mud for secondary use in a number of areas in alumina producing countries. Although, none 
of these applications are yet to find industrial scale usage, the attempts of utilization of red 
mud is spreaded across a number of areas which can be classified based on their functional 
usage such as building material , pollution control, metal recovery, adsorbents, soil 
amendments (Fig. 2-16) [12, 30, 47].  
 
 
Fig. 2-16 Utilisation of red mud for potential applications in different areas 
Red mud  
Adsorbents 
Metal recovery 
Soil amendments 
Pigment and paints 
Catalysts 
Building 
materials 
Ceramic production 
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2.12 Recovery of Na from DSP 
A brief overview of the structure of DSP shows that it is possible to recover the Na
+
 
while leaving the other anions impurity in the DSP cages at a certain pH value. The sodalite 
and cancrinite frameworks consist of alternating Si–O–T units (T = Si or Al) constructed 
from SiO4 and AlO4 tetrahedra as shown in Fig. 2-17. In alumina refineries processing low 
silica bauxite, sodalites contain a variety of included anions, including sulphate, chloride, 
carbonate and aluminate. Previous work has shown that while included soda can 
inadvertently be washed out of sodalites by “over-washing”, the sulphate and chloride ions of 
these sodalites do not leach and remain in the solid phase. This immobility indicates that the 
sodalite cages remain intact, and that any anions that are released must come from ions 
migrating through the sodalite cage openings (windows). Both sulphate and chloride are large 
ions (~5 and ~3.6 Å respectively) compared to the cage openings (~2.3 Å) and therefore 
would not be expected to be released [6]. In refineries processing high silica bauxites, 
concentrations of sulphate and chloride in the process liquor are generally low. Consequently 
sodalites formed from such liquors tend to be dominated by carbonate, aluminate and 
possibly hydroxide. Carbonate is also a large ion (~3.7 Å) and thus would not be expected to 
leach, but the aluminate ion is of comparable size to the cage window and the hydroxide ion 
even smaller. Sodium aluminate and sodium hydroxide are thus expected to be the ions 
released when sodalites are washed [61]. 
 
Fig. 2-17 Structures of sodalite and cancrinite. (a) Location of Na+ and Cl- in Sodalite. (b) 
View of the cancrinite structure [6] 
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There have been previous attempts to remove sodium trapped in the cage of DSP 
structure through ion exchange process [47, 130]. However, they report to recover only 28% 
of Na total Na at pH 7.1. This is prior to the dissolution or hydrolysis of DSP in red mud 
which takes place around this pH value [47, 88]. Although acid hydrolysis of DSP would 
result in an obvious release of Na to the medium, it will also result in a suspension of other 
ions such as Al, Si which forms the DSP cage. Such a process would make the recovery 
technically extremely difficult and costly as Na ions should subsequently be removed from 
myriad of other ions. Furthermore, the amount acid required for a dissolution process will 
increase the cost of operation making such a proposal economically unfeasible. Furthermore, 
use of mineral acids and would introduce unwanted anions such as Cl
-
, SO4
2-
 which would 
create secondary environmental problem to the red mud management [50].Moreover, aim of 
Wong’s [47] study was to improve the revegetation characteristics of Bayer red mud. 
Therefore, the idea of slow releasing cations may suit in improving the soil condition for 
revegetation. However, it is less likely that such a process will be implemented in an 
industrial scale with the aim of recycling Na from a process recovery point of view. 
Furthermore, the recovery amount and the time required would be a key challenge in 
implementing the ion exchange process, as only a total release of Na-K and Na-Ca is reported 
as 61 and 31 meq/100 g of red mud, respectively. The time required for K and Ca 
replacement from DSP external sites were measured as 6 h and 3 days respectively [47].  
In a number of studies and processes it was attempted to recover the soda value in 
DSP from red mud by chemical means as well. However, none of these attempts have found 
large scale commercial success in terms of soda recovery in Alumina industry. These 
recovery methods suggested by many of the authors and inventors reports reaction of lime 
(CaO) with red mud at elevated temperatures [25]. Such process however, does not found 
wide commercial application due to several thousands of tonnes of Lime required for 
processing and the high energy cost involved with the reaction at elevated temperatures [25]. 
International patent WO 97/29992 [25] claims a mechano chemical treatment technique in 
which red mud is mechanically activated by in a ball mill and the internal heat build up 
during the process is utilised to reaction and recovery of soda values entrapped in DSP. 
However, a brief analysis of the structure of DSP shows that soda recovery can be vastly 
improved by successfully separating the DSP from red mud and not directly reacting lime 
with red mud [6]. The main reason that can be pointed out is the opening up of the channels 
of zeolitic DSP which would help in the Na+ ions that is trapped in the cage structure of DSP 
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which can successfully be exchanged with mono-valent of divalent ions [47, 130]. Therefore, 
it would be important to investigate the possibility of separation DSP from red mud. US 
patent 4044095 [132] refers to a process in which red mud is treated with high concentrated 
caustic soda at high temperatures (at least 200 C) with lime. DSP in the red mud is 
converted to Sodium-Calcium-Silicate and in the second stage of the process; Sodium-
Calcium-Silicate is converted to calcium silicate releasing the sodium. Although the process 
recovers not only soda value but also the alumina in the process, the additional energy 
required (in terms of heating) for such an operation makes the process undesirable. US patent 
938270 also looks at a process where soda values are recovered using digestion of red mud 
and lime at elevated temperatures. In both patents 4044095 and 938270 amount of lime 
consumed exceeds the amount of soda recovered [25]. US patent 2992893 explains a process 
where it uses finely divided slaked lime and employs vigorous stirring which also demands 
additional heating for the reaction to proceed. Another approach has been to treat red mud 
with sulphuric acid to extract the DSP and then to react the aluminosilicate solution that 
forms with caustic soda to produce a commercially useful zeolite [48]. Apart from the 
substantial acid consumption that treating the whole mud would entail, this process results in 
the formation of a substantial stream of sodium sulphate that must be very effectively 
regenerated or the net consumption of caustic will actually increase. US patent 6248302 
B1[133] claims a process where red mud can be acid digested and metal values to be 
recovered. However, such a process will destroy the structure of DSP and eliminates the 
possibility of recovering the soda trapped within the structure in addition to the large amount 
of acid required to digest which will be hugely expensive. US patent 7704471 B2 [134] 
claims a process for reducing the content of silica dissolved in the aluminate liquor 
circulating in the Bayer circuit. Although such a process is advantageous in terms of reducing 
the silica content there by reducing the DSP formed in the process, it will eliminate the other 
benefits of formation of DSP such as removal of impurity cations from the Bayer process.  
2.13 Conclusions 
In the processing of bauxite to alumina via the Bayer process, a certain proportion of 
the bauxite invariably consists of silicious minerals which will be dissolved during the 
milling and digestion steps of the process. These silicious minerals are collectively referred to 
as Reactive Silica or RSiO2. Presences of RSiO2 forms DSP in red mud causing a significant 
loss to the alumina industry. Moreover, DSP increases long term alkalinity of red mud 
causing a significant challenge and threat to the environment. Other potential recoveries from 
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red mud including recovering the rich iron content and other mineral values in red mud are 
also hindered due to high alkalinity of which DSP plays a significant role.  
Various methods have been applied for separation of DSP from red mud, including 
physical techniques such as size separation, gravity separation and cyclone separation. None 
of these techniques have found sound industrial application due to low selectivity of DSP 
from red mud. One of the other major importance is to clearly understand how DSP 
distribution in red mud. The considerable high content of iron oxide in red mud is well 
known, therefore, removing the iron oxide from red mud would invariably result in an 
increase of the DSP content. For fundamental studies the use of CBD method has been 
previously investigated such as studying of the DSP morphology. However, limited literature 
is available on systematically dissolving the iron content in red mud and explaining the 
dissolution of other elements present in red mud in relation to using CBD as a dissolution 
technique. With CBD method iron oxide dissolved through reduction mechanism. However, 
there are other pathways such as complextion and protonation which will also be investigated 
in using red mud as a starting material to study iron oxide dissolution.  
Another possibility is either using surface properties of minerals in red mud or 
modifyingthe surface properties to enhance the DSP recovery. In terms of interfacial 
separation techniques, floatation has been identified as a potential process due to the 
versatility of the method. Floatation of iron oxide minerals such as heamatite from slica 
minerals such as quartz is well known. Although some efforts have been made to improve the 
Silica/Alumina ratio in bauxite, especially by refineries in China, this technique is yet to be 
applied to separate DSP in red mud.  
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3 Chapter 3 Size classification and characterisation of red mud towards DSP 
recovery  
3.1 Introduction 
Bayer process is the principal method to convert Bauxite to smelter grade alumina 
(SGA) which accounts more than 90% of the world alumina production [1]. In Bayer process 
bauxite is reacted with caustic soda to dissolve gibbsite, boehmite or diaspore [2] (which are 
the three main forms of Aluminium Hydroxide present in Bauxite) to form Aluminate 
([Al(OH)4]
−
)ions. Alongside this main reaction process, a side reaction takes place dissolving 
the reactive silica present in Bauxite. As a result of this side reaction, dissolved silica, 
alumina and sodium combine to precipitate out of the solution as zeolitic compound 
collectively represented by a group of minerals known as Desilication Product (DSP). 
Formation of DSP takes place both during pre-desilication and pre-digestion stages [1-4]. 
Majority of DSP comes out with red mud which is the undissolved fraction of bauxite during 
digestion. Red mud generated via the Bayer process is enormous with 1-2 tonnes of red mud 
being generated for every tonne of SGA produced [5-9]. Consequently, there are large 
quantities of red mud generated globally which cannot be disposed of easily due to 
subsequent ramifications. Hence alumina producers across the world have opted to store them 
in the long term to meet the environmental and industrial guidelines. These storage options 
vary from purposely built engineered landfills, natural landscape depressions and the bottom 
of the ocean (marine disposal). The extent of land required to stack bauxite residue (red mud) 
has been doubled in 15 years since 1985 and has an annual growth of 120 million tons per 
year with estimated quantity of 2.7 billion tonnes in the world as per the most recent global 
inventory estimates [2]. 
The mineralochemistry of soils is made complex by the occurrence of numerous 
mineral species, amorphous inorganic substances, and organic complexes mixed together in 
various portions from different soils [10]. In order to decipher these complex systems, 
physical fraction methods are used in soil science studies to enable researchers to identify the 
important of interactions between organic and inorganic soil components. Christensen [11] 
reported that physical fractionation suggested three levels of structural and functional 
complexity in the turnover of organic matter in soil. Soil organic matter not only does 
influence on the turnover of the organic matter, but also drive the microbial activity and the 
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functional diversity of in soil particles and aggregate size fraction [12]. Also the physical size 
fractionation techniques have been used for determining the polycyclic aromatic hydrocarbon 
distribution [13]. Aggregation and carbon storage in soils is also depended on the size classes 
of the soil fraction according to the research reported by Balabane and Plante [14] . These in-
depth understandings of the mineral and related soil orgno compounds are paramount to 
finding the best available solution for contaminated soil remediation, valuable mineral and 
metal recovery from industrial waste streams. Among the most accepted methods of 
separation, fractionation into various size classes is preferred because of the requirement of 
minimal amount of chemical materials needed.   
Due to depleting resources in the world, a key emphasis has been placed on 
recovering metals, minerals and energy from various industrial by products. Red mud has 
also received recent attention as an industrial by-product which can be used for recovering 
metal and valuable minerals due to the significant quantities generated [8, 15]. Size 
separation has been used as a key method when it comes to recovering valuable metals or 
mineral from waste streams such as red mud. Wet high intensity magnetic separation has 
been used in iron recovery from red mud [16]. Size distribution of 90-125 µm showed the 
highest recovery of 85% with a magnetic fraction containing 47% Fe and 42% non magnetic 
Al2O3. Uzun et al.[17] reported that particle size has an influence on the removal of iron and 
aluminium from red mud by acid dissolution where the dissolution rate was found to increase 
with the decreasing particle size. Reduction of chlorine content in bauxite residue using 
different physical separation techniques such as wet sieving and hydraulic separation using a 
cyclone system has been investigated by Hyun et al.[18]. The authors achieved a recovery of 
22-24% of original material with a much lower chlorine content of 0.015-0.025 wt.%. Size 
separation have been successfully used in determining Picaro et al. [3] reported ~1.25 times 
upgrade in separation using 50 mm hydrocyclones in combination with a Morsley multi 
gravity separator (MGS) with different red mud samples. Influence of magnetic separation 
for the recovery of lanthanides and yttrium from red mud during selective leaching was 
investigated by Ochsenkuhn-Petropulu et al. [19].  The authors reported that only 5% of red 
mud was proven to be magnetic, which was attributed to the existence of mange tic iron 
minerals (maghemite and magnetite).  
Formation of DSP is advantageous to the process where it helps to remove impurities 
from the Bayer liquor which would otherwise not only contaminate the final SGA products 
but also hinders the Bayer process efficiency [4]. On the other hand, it is disadvantageous to 
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the Alumina industry world over, as it consumes a large amount of Caustic and Alumina from 
the process. It is estimated that each tonne of silica that reacts during digestion consumes 
approximately 1.2 tonnes of caustic soda and accounts for as much as 20% of the total 
alumina production costs for processing high-silica bauxites [3]. Moreover, it is responsible 
for the long term alkalinity of red mud causing subsequent rehabilitation issues. Hence, DSP 
is one of the major reasons for red mud to be kept in the long term storage in the vicinity of 
Alumina refineries. Long term storage is not only a cost to the industry due to the pressure on 
demand on large area of land but also a risk as demonstrated the recent disaster in Hungary, 
where the banks of a red mud impound was collapsed causing 10 deaths, a number of other 
burns due to high alkalinity of the 700,000 m
3
 of caustic red mud slurry. It also affected three 
settlements, and about 40 km
2
 of agricultural land and river streams [20]. Another 
undesirable effect of DSP is its ability to scaling in downstream [21] equipments and piping 
in the Bayer process causing fouling and energy loss effects. Finding an answer for the DSP 
problem is a key factor to developing sustainable mechanism to transcend the horizons of 
efficient and environmental friendly methods of Alumina extraction from Bauxite. Size 
separation of red mud would enable to understand DSP presence and its interaction with other 
minerals.  
A detailed understanding of the presence of DSP in red mud and its association with 
other minerals is essential in developing any mechanisms to separate DSP from the rest of the 
minerals. Although several attempts have been made in literature the red mud problem still 
remains to be solved in the alumina industry [2, 22]. It is of paramount importance to have a 
clear understanding of the DSP distribution in red mud, its morphology and association with 
other minerals co-existing in red mud for the development of any separation technology. It 
has previously been reported that DSP in red mud is difficult to be viewed under electron 
microscopes [23]. In the same study a chemical treatment technique has been used to remove 
the iron oxide from red mud to clearly see the morphology of DSP in red mud. Although it is 
an important study showing the morphology of DSP, it is equally important to understand its 
interaction of other minerals (especially iron oxide). An experimental study is conducted with 
the aim of understanding the distribution of DSP in various size classes of red mud and also 
to observe its interaction with other minerals in these size classes of red mud through size 
classification, X-ray diffraction, X-ray photon spectroscopy, particle size and density 
measurements, scanning and transmission electron microscopic investigations.  
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3.2 Experimental Section 
3.2.1 Materials and Methods 
Red mud was obtained from refinery in Western Australia with a chemical 
composition of Al2O3 (16.4%), SiO2 (8.17%), Fe2O3 (50.6%), TiO2 (4.9%), CaO (2.1%) 
Na2O (3.5%) and traces of vanadium, chromium, magnesium, sulphur, potassium, strontium, 
zirconium, gallium oxides measured by X-ray fluorescence (XRF).  
Firstly, the red mud was classified in to different size fractions as explained in soil 
fractionation methods [10]. De-ionised water was used as the liquid medium as required for 
the size classification process. Briefly, the method is as follows, particle size classification 
was done by settling and decantation/centrifugation to obtain fractions with cutoff points of 
53, 20, 5 and 2 µm. Initially particles greater than 53 µm (sand fraction) were separated by 
wet sieving. The fraction greater than 20 µm (coarse silt) was then collected by repeatedly 
decanting the suspension which did not settle out 5 cm within 2 min. The suspension was 
next repeatedly centrifuged to remove the clay fraction (less than 2 µm), each time for 2.9 
min at 750 rpm (25
o
C). Finally the reminder is fractionated into medium (greater than 5 µm) 
and fine silt by repeatedly centrifuging at 300 rpm for 2.9 min (25
o
C). Mass distribution of 
red mud was calculated by vacuum filtered suspensions of each class using a Buchner funnel 
with 0.2 µm filter paper followed by drying solid fraction overnight in a vacuum oven at 105 
°C. The dry weight of the initial red mud quantity was determined by reducing the moisture 
content of red mud used for the separation. The moisture content of 36% of red mud was 
taken as the average of 5 measurements with a standard deviation of 1%. 
Particle size distribution of the minerals suspended in de-ionised water was measured 
by laser diffraction using Malvern® Mastersizer® 2000 instrument. The refractive index (RI) 
of red mud was selected as 2.59 [24]. Dispersant medium used for the analysis was water 
with a RI of 1.33. Laser obscuration was maintained between 10-20% as the standard 
procedure for all measurements while a general purpose analysis mode was selected for 
particle size determination. The temperature in the lab was in controlled conditions with 25±2 
⁰C. The accessory used for circulation of suspension through the particle size measurement 
cell was Hydro® 2000 MU®. Particle density was measured by He-pycnometry (AccuPyc II, 
Micromeritics 1340, USA). Particle density values presented are the average of 10 cyclic 
measurements with error indicating the standard deviation. A sample measuring chamber of 
10 cm
3
 was used to determine the actual sample volume used for the material density 
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measurements. AND HM-202 digital analytical balance was used to measure the weight of 
the samples used for the determination of particle density.  
Crystallographic compositions of the separation were measured using XRD (X-Ray 
Diffraction). Equipment used for XRD was Rigaku miniflex mark I diffractometer with Co 
Kα X-ray source radiation (λ = 1.7902 Å) operated at 30 kV and 15 mA with a scan speed of 
2°/min on a low background sample holder. Step size selected 0.02° and the scan range was 
2°-50° for characterisation. A Kratos Axis ULTRA X-ray photoelectron spectrometer (XPS) 
was used to measure surface composition, incorporating a 165 mm hemispherical electron 
energy analyzer. The incident radiation was monochromatic Al Kα X-rays (1486.6 eV) at 
225W (15 kV and 15 mA). Base pressure in the analysis chamber was 1.0x10
-9
 Torr and, 
during sample analysis, shifted to 1.0x10
-8
 Torr. The C-C peak position was set to 284.6 eV 
and taken as an internal standard. Quantitative analysis of DSP was determined by standard 
industry practice of dissolving a known quantity of red mud (~40mg) in 500 ml of 0.1 M HCl 
for 30 mins followed by the suspension vacuum filtering using a Buchner funnel and the 
liquid fraction was analysed using ICPOES. The DSP amount was calculated using the 
chemical formula. 
JOEL® JSM 6610 was used for the SEM (Scanning Electron Microscopy) study of 
red mud particles. All samples presented in this study with are coated with carbon using a 
JEOL JEE-4x carbon coater. Samples are mounted on 12.5 mm diameter Al stubs with 
double sided tape carbon. After a series of experiments it was found out approximately 15-25 
nm thickness carbon coating suit best for red mud particles to be studied under SEM which 
prevented charge build up on the samples under the microscope. Oxford instrument’s Inca 
software (Version 5.04) was used for the EDS (Energy Dispersive Spectroscopy) analysis and 
mapping experiments. X-ray detector used for EDS analysis was fitted with SDD (Silicon 
Drift Detector) type detector with a size of 50 mm
2
. A minimum of 30 min X-ray mapping 
was done when it was used for location of minerals in red mud specimens. TEM 
(Transmission Electron Microscopy) analysis was carried out by suspending aliquot of 
sample from the suspension of particles from clay fraction of red mud in Ethanol and loading 
the sample with a holey carbon Cu grid followed by air drying to subsequently be 
investigated under TEM using JEOL 2100 with EDS facility.  
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3.3 Results and Discussion 
3.3.1 Distribution of minerals in red mud 
Red mud is a complex mixture of material comprising myriad of minerals with 
ranging properties. Particle size is an important property to be clearly understood in a 
complex mixture such as red mud in order to find the best available technique for refining 
any mineral of interest. Based on the importance of understanding the mineral distribution of 
red mud they were classified into five different class groups based on particle size. Such size 
classification systems are extensively used in soil chemical analysis studies which are known 
as size fractionation [10]. These size classes are commonly referred to as the sand fraction, 
coarse silt fraction, medium silt fraction, fine silt fraction and clay fraction which are having 
particle size of greater than 53 µm, 20–53 µm, 5–20 µm, 2–5 µm and less than 2 µm, 
respectively [10]. Although red mud may not be a natural soil sample it closely represents a 
natural soil sample where it originates from bauxite which is a natural soil sample rich in 
aluminium rich minerals [25, 26]. The efficiency of size separation method was established 
with the Malvern® Mastersizer® measurements of each size class after separation and is 
shown in volume % vs particle size curve (Fig. 3-1). The five size classes show a clear 
separation of red mud based on particle size with mean diameter of largest to smallest size 
fraction being 250, 39, 12, 4 and 3 microns, respectively. The sand fraction shows a bi model 
distribution with peaks appearing at approximately 150 µm and 700 µm. This can be 
explained due to the presence of the sand fraction of red mud in the parent red mud used. Red 
mud sample obtained for the present study was obtained from the red mud relay tank of the 
Bayer process, where sand fraction from the spiral classifiers, underflow from counter current 
and underflow from the deep cone washers are all combined prior discharge to the residue 
disposal areas.  
A general explanation of the Bayer process in relation to a typical alumina refinery 
has been presented in literature review from which the sampling point of the parent red mud 
was collected can clearly be understood. As presented in Fig. 3-1, the coarse silt fraction had 
a narrow particles size distribution in comparison to the sand fraction spanning majorly from 
approximately 12–110 µm with a small hump observed between about 2–10 µm. It is 
possible during the decantation process that a small fraction of fine material being entrained 
with the large particle size fractions causing this small hump observed at the lower size 
particle range. The long head of the medium silt fraction may also be attributed to the 
association of the small red mud particles which were not separated during the decantation 
Chapter 3 
62 
 
process. It is reported that red mud has a range of particle sizes with an average ranging from 
2 to 100 µm with a typical range of 100 nm to 200 µm [27-29]. The red mud used in this 
present study also contains sand fraction with a size range of 40–1000 µm, which is 
consistent with previous reported values [10].  
 
Fig. 3-1 Particle size distribution (PSD) curve of red mud after classifying into 5 different 
classes based on particle size  (sand fraction (♢), coarse silt fraction (▽), medium silt fraction 
(∆), fine silt fraction (○) and clay fraction (□))  
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3.3.2 Mineralogical and surface composition analysis red mud 
As expected in the parent red mud sample, goethite, haematite, quartz, calcite, DSP, 
rutile, halloysite and gibbsite were all present. Haematite, goethite and quartz are the most 
pronounced among all the mineral phases while traces of DSP, rutile, calcite, gibbsite and 
halloysite were also observed (Fig. 3-2a). For the parent red mud, peaks observed at 2θ = 
21.3, 24.8, 28.2, 29.6, 31.2, 34.2 and 38.9 can be assigned to gibbsite, goethite, DSP in 
combination of haematite, halloysite, quartz, calcite and haematite, respectively [4, 30-32]. 
The most pronounced XRD peaks are observed at 2θ = 24.8, 31.2 and 38.9. Fig. 3-2b shows 
the sand fraction of red mud separated through wet sieving using water as the medium of 
separation. Goethite and haematite are the other two prominent minerals present in sand 
fraction of red mud. Calcite which was observed at 2θ = 34.2⁰ in the parent sample was no 
longer present in the sand fraction, suggesting that calcite is present in a much smaller size 
class (< 53 µm) (Fig. 3-3B).  
The XRD spectrum of coarse silt fraction of red mud is presented in Fig. 3-2c which 
is the size fraction from 20 to 53 µm. Similar to the sand fraction, a considerable amount of 
quartz is been separated during the sedimentation process (coarse silt fraction). In addition to 
the prominent characteristic XRD peak of quartz observed at 31.2⁰, the characteristic peak at 
24.4⁰ was also clearly visible in the coarse silt fraction of red mud. Therefore, it can be 
clearly confirmed using the XRD spectra of red mud sand fraction and the coarse silt fraction 
that a complete separation of quartz can be achieved by eliminating the particle sizes greater 
than 20 µm. 
 The effect of the quartz liberation with the use of size separation is much more 
obvious from the XRD pattern presented in Fig. 3-3B. Removal of sand and coarse silt 
fractions of red mud resulted in a clear increase of the DSP, gibbsite and the rutile minerals 
present in the medium silt and fine silt fractions of red mud (Fig. 3-2e and f). Presence of 
gibbsite may have resulted from the trace amounts which were either not digested during the 
Bayer process or from some gibbsite which was entrained with the red mud. Rutile which is a 
form of TiO2 present in bauxite can be observed to concentration in the finer size fractions 
with the classification process (Fig. 3-2). Although, it is not the main objective of this present 
study, increase of rutile present in red mud can be valuable for the other areas such as 
catalysis, which would be promising to researchers trying to obtain Ti based catalyst. Picaro 
et al. [3] has ascribed the increased TiO2 content from red mud to concentrating heavy 
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minerals from the fine slime, which might be the case observed in the increased rutile content 
in medium (5-20 µm) and fine silt fractions (2-5 µm) in the present study.  
Based on the XRD observation, the most prominent peaks in the clay fraction are 
goethite and haematite recording peak positions at 2θ= 24.8 and 38.9⁰, respectively. Trace 
amounts of DSP, rutile, halloysite and gibbsite were also noted (Fig. 3-2f). Due to the 
overlapping of the DSP and haematite peaks at 28.2⁰, the (110) phase of DSP corresponding 
to 2θ = 16⁰ was therefore used to confirm the presence of DSP separation from red mud (Fig. 
3-3A). It is evident from Fig. 3-3A that DSP becomes obvious with the reducing particle size 
of red mud, which is consistent with the observations made by previous researchers, where 
<74 µm fraction contained mainly haematite and DSP [18]. Similarly, they observed DSP 
being concentrated in the overflow fraction (which contains smallest size particles) when 
hydrocyclones are used for the separation. It is clear that the concentration of quartz 
increased with the increasing particle size in the size classification presented in Fig. 3-2, 
which agrees well with the observation made by Norrish and Taylor [33] with natural soil 
material containing haematite and goethite. Hyun et al. [18] also observed this phenomenon 
when red mud was classified using hydraulic cyclones. This is a significantly valuable 
observation in terms achieving the overall project objective of separation of DSP from red 
mud, as the elimination of possible other minerals would invariably result in an increase of 
the DSP content. 
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Fig. 3-2 XRD spectra of red mud before separation (a) and after separation to sand (b), coarse 
silt (c), medium silt (d), fine silt (e) and clay fractions (f) (S-DSP, Go-Goethite, G-Gibbsite, 
H-Hematite, Ha-Halloysite, C-Calcite, R-Rutile, Quartz)  
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Fig. 3-3 XRD spectra of red mud fractions separated (A) Medium silt, Fine silt and clay 
fractions (B) Red mud before separation, sand fraction and coarse silt fraction.  
Surface composition of the red mud classified into the five size classes were measured 
using X-ray photon spectroscopy as presented in Fig. 3-4. The most prominent elements 
observed on the surface of red mud samples are Na, Fe, O, Ti, C, Si and Al with peak 
positions at binding energies of 1069.9, 709.9, 528.9, 456.9, 284.0, 100.4 and 72.4 eV, 
respectively. The Na present in red mud corresponds to the caustic soda used for the alkaline 
digestion of bauxite used in the Bayer process. Fe originates from goethite, haematite and 
their Al substitutions originated from the Darling Range bauxite used for alumina refining. 
Elemental O observed on the surface of the red mud samples are mainly from the oxides and 
oxyhydroxides present in red mud. The surface Ti is from the rutile which might be on the 
surface with other minerals. Trace amounts of anatase and illmanite may also be responsible 
for the surface Ti compositions as Darling Range bauxite contains these minerals also [26]. 
Carbon can be from the organic sources, carbonates and bicarbonates that may be present in 
bauxite or from the chemicals introduced during the Bayer process [34]. The Si sources are 
DSP, halloysite and quartz while, Gibbsite, DSP, Halloysite are responsible for the Al peaks 
observed. A clear understanding of these elemental distributions on the surface can be seen 
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by considering the atomic ratios of Fe/Al and Fe/Si of each size class (Table 3-1).  The 
highest value for Fe/Al ratio was observed with the largest size fraction obtained from the top 
fraction of the wet sieving operation, recording 1.14. Coarse silt fraction recorded a decline 
of ~43% in the Fe/Al ratio. Further decrease in the particle size of red mud showed a 
reducing trend with medium silt fraction recording the lowest value of 0.44. The Fe/Si ratio 
demonstrated a slight decline in the values from sand fraction (+53 microns) to the fine silt 
fractions (2-5 microns) reducing from 1.96 to 1.64. In contrast to the Fe/Al ratio, the clay 
fraction showed the highest Fe/Si ratio (4.01), as compared to other size classes. This might 
be due to the increased surface coating present in the clay fraction of red mud compared to 
the larger size fractions.  
 
Fig. 3-4 XPS survey spectra of size fractions of red mud (a) sand (+53 µm), (b) coarse silt 
(20-53 µm), (c) medium silt (5-20 µm), (d) fine silt (2-5 µm) and (e) clay ( <2 µm)  
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Table 3-1 XPS elemental analysis (At. %) of different size classes of red mud 
Size fraction Fe/Al Fe/Si 
+53 micron 1.14 1.96 
20-53 micron 0.65 1.89 
5-20 micron 0.44 1.79 
2-5 micron 0.51 1.64 
< 2 micron 0.52 4.01 
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3.3.3 Mass balance, DSP distribution and density of red mud 
A mass balance was performed on the red mud separated into five size classes to 
ensure that there was minimal amount of losses during the physical size classification. The 
percentage mass distribution into different size classes were 38.5, 5.7, 16.1, 10.6 and 26.1 % 
from largest to smallest size class, respectively (Table 3-2). Based on these observations, the 
highest portion of red mud is the sand fraction followed by the clay fraction of red mud. 
Characteristically red mud is known for the fine sized classes, as demonstrated through 
previous investigations [35], analysing bauxite residue from numerous sources scattered 
around the globe. Containment of such finely divided particles are causing a number of 
problems to alumina industry by increased settling times, cost of flocculants be used for 
reducing these settling times, inability to discharge the liquor suspension for liquor 
management, handling and mud storage due to the containment of such fine sized material [2, 
36]. It is also important to note that the combined fine silt and clay sized fractions represents 
~37%, which is nearly the same quantity observed with the sand fraction. The results of this 
study also confirmed the presence of significantly higher portion of fine sized red mud 
particles.  Furthermore, knowing the fine material fraction is important in determining the 
best available technique for DSP separation from red mud. The quantitative determination of 
DSP present in each class is also presented in Table 3-2, which is one of the primary 
objectives of this project. The original concentration of DSP was about 6.7 % in red mud 
before separation, while about 12 %, 14.1 % and 4.4 % were found in clay fraction, fine silt 
and medium silt fractions, respectively. Ho et al. [23] also observed the highest percentage of 
DSP in the fine silt fraction. Although, the highest mass fraction in red mud is the sand 
fraction, it exhibited the lowest amount of DSP (1.4 %). The clay fraction which is about 
26% of the entire red mud sample contains the highest amount of DSP with a concentration 
of 12%. This result is in agreement with the work carried out by Hyun et al. [18], where it 
was reported that DSP is concentrated in the finest fraction of red mud obtained from the 
overflow of the cyclosizer. Ho et al. [23] also presented comparatively larger fraction of DSP 
concentration in less than 20 µm fraction of red mud. As shown in Table 3-2, an error of ~3% 
and 9.7% was noticed in the mass balance of red mud and DSP quantification, respectively. 
Both deviations are within the acceptable limits and are due to experimental errors which 
arose as a result of the transfer of solids, weighing of materials and analysis of DSP.  The 
chemical formula used for the determination of DSP content in red mud was 
Na8(Al6Si6O24)SO4.H2O, which is the generic formula of nosean [37]. Separation techniques 
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based on differences in density of the minerals such as gravity concentration and dense 
medium separation are widely used in mineral processing industries such as in coal 
beneficiation, iron ore and diamond processing, and in the pre-concentration of metalliferous 
ores [38]. Knowing the material density in each size class of red mud would enable to gain an 
understanding of the mineral distribution. Table 3-2 presents the material density distribution 
of red mud in each size fraction after separation into sand (>53 µm), coarse silt (20-53 µm), 
medium silt (5-20 µm), fine silt (2-5 µm) and clay fractions (<2 µm). Before separation, the 
material density of red mud was measured to be about 3.7 g/cm
3
, while after size separation; 
coarse silt fraction exhibited the maximum material density. This may be due to the highly 
dense material such as hematite (4.9-5.3 g/cm
3 
[18, 39]) in the coarse silt fraction as 
compared with the lighter dominant quartz (2.65 g/cm
3
) found in the sand fraction. Reducing 
particle size below 20 µm, resulted in material densities of 3.59, 3.36 and 3.29 for the 
medium silt, fine silt and clay fractions, respectively. These reduced particle densities may be 
due to the concentration of low dense minerals (DSP, Halloysite, Gibbsite and calcite) in 
these smaller particle size classes. Since, rutile has a material density of 4.25 g/cm
3
 [40], it 
might be possible that more rutile is present in medium silt fraction as compared with the clay 
fraction of red mud (Fig. 3-2). 
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Table 3-2 Mass balance, DSP distribution and material density of red mud each size class 
Size Fraction Dry Wt. 
(g) 
Mass  
dist. (%) 
DSP 
quantity 
(g) 
DSP (%) Material density 
(g/cm
3
) 
Sand (>53 µm) 3.5146 38.53 0.049 
 
1.4 3.65±0.01 
      
Coarse Silt (20-53 µm) 0.5234 5.74 0.014 
 
2.6 3.93±0.09 
      
Medium Silt (5-20 µm) 1.4641 16.05 0.065 
 
4.4 3.59±0.07 
      
Fine Silt (2-5 µm) 0.9622 10.55 0.136 
 
14.1 3.36±0.11 
      
Clay (<2 µm) 2.3813 26.10 0.285 
 
12.0 3.29±0.01 
      
Total in each class 8.8456 96.97 0.549 
 
- - 
      
Red mud Weight before 
classification (wet basis) 
14.1948 - - - - 
   -   
Moisture 36% -  - - 
      
Calculated dry wt. of 
initial red mud sample 
9.1223 100.00 0.608 
 
6.7 3.71±0.03 
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3.3.4 Electron microscopy of DSP 
3.3.4.1 Scanning electron microscopy and energy dispersive spectroscopy 
In developing a methodology for material separation it is essential to have a thorough 
understanding of the nature of the interested mineral to be separated and its association with 
other minerals in the system. DSP present in red mud used also needed to be thoroughly 
investigated to understand its interaction with iron oxides and other minerals. As reported 
previously, proper morphology of DSP in red mud was not clearly visible under the electron 
microscope without prior chemical treatment [23]. However, with the help of EDS analysis 
and the advancement of detectors such as the silicon drift detectors, these materials can now 
be readily detected. In some instances, X-ray mapping technique has been used for the 
present study to distinguish DSP particles from the rest of the minerals. Using this technique, 
a close approximation of the elemental distribution in the parent red mud is obtained as 
shown in Fig. 3-5. DSP in all size classes were identified using scanning electron 
microscopy. In sand fraction of red mud (>53 µm), DSP was observed as a cluster of 
agglomerated particles (Fig. 3-6). Spherical knitting wool ball (SKWB) morphology of DSP 
in the sand fraction is obvious from Fig. 3-6, which have been found to be the major 
characteristic of DSP in red mud [23, 41]. These clear SKWB morphologies appeared to be 
pronounced in the mid sections of the agglomerated cluster, while it was less obvious when 
moving closer to the edge. Coarse silt fraction of red mud also confirmed this same 
observation (Fig. 3-7), in which a cluster of DSP particles can be seen with ~20 µm in width. 
Comparison of the DSP clusters in two size classes (>53 and 20-53 µm) show that knitting 
wool ball DSP morphology can more readily be observed in the sand fraction. Backscattered 
secondary electron image of the coarse silt fraction is presented in Fig. 3-8. The section 
marked with a box represents the clusters of DSP found in the coarse silt used for EDS 
analysis.  The elemental composition presented in Table 3-3 shows an atomic ratio of 
8.8:10.1:9.5:1 for Na:Al:Si:S, confirming the section as a cluster of DSP.   
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Fig. 3-5 X-ray mapping of red mud (a) Secondary Electron Image (SEI) of the medium silt 
fraction and approximate elemental distribution of (b) Al (c) Si (d) Na (e) O (f) C (g) S (h) Ca 
(i) Fe and (j) Ti  
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Fig. 3-6 A cluster of agglomerated DSP particles in sand fraction of red mud 
 
Fig. 3-7 A cluster of agglomerated DSP particles in the coarse silt fraction of red mud 
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Fig. 3-8 Backscattered Secondary electron image of red mud from the coarse silt fraction 
Table 3-3 Elemental atomic percentage of the box shown in Fig. 3-8 
Element Atomic% 
Na K 11.52 
Al K 13.20 
Si K 12.50 
S K 1.31 
K K 0.13 
Ca K 1.37 
Ti K 0.23 
Fe K 1.68 
O K 58.06 
Totals 100.00 
 
In contrast to the larger size classes of red mud, the DSP morphology was less 
obvious in the finer fractions as shown in Fig. 3-9,11 and 12. Fig. 3-9 illustrates DSP 
observed in the medium silt fraction of red mud displaying a faint appearance of the SKWB 
morphology of DSP. Apart from the typical SKWB morphology of aluminosilicate products 
found in red mud, distinct rod-like aluminosilicate were also observed in the fine silt fraction. 
The EDS spectrum confirms the rod like morphology corresponding to spectra 1 and 2 
represents aluminosilicate minerals (Fig. 3-9 and 10). Spectra 2 shows significantly higher 
amount of Si compared with spectra 1, showing inhomogeneous elemental distributions. The 
aluminosilicate observed in spot 1 contains a higher Fe concentration with traces of Na, Ca 
and Ti as presented in EDS spectra. The clustered DSP particles in the mid section of Fig. 3-9 
were confirmed with the EDS spectra corresponding to spots 3-6. All these spots contained 
Na, Al, Si and S which are the major elements of DSP. Presence of S suggest DSP in the 
sample under study closely represents Nosean type DSP, where the ideal chemical formula of 
Nosean is Na8(Al6Si6O24)SO4.H2O [37]. The varying concentrations of Fe observed in the 
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spots 3-6 suggest the deviation of the Fe attachment on the agglomerated DSP. Spots 5 and 6 
have a higher amount of Fe, compared to spots 3 and 4, indicating the possible presence of 
haematite and goethite. Spectra 7-9 which are from the neighbouring particles of the main 
cluster of DSP particles are also presented in EDS analysis (Fig. 3-10). The minerals 
observed in spots 7 and 8 are clearly iron oxide particles with considerable concentration of 
Al substitutions as evident in the EDS analysis. The substitution of Al for Fe in haematite and 
goethite has previously been reported [42, 43]. Although SKWB morphology of DSP cannot 
be viewed from the particle in spot 9, it shows similar elemental ratio of DSP according to the 
EDS spectrum (Fig. 3-10). This concealment of typical DSP morphology is in agreement 
with the general understanding of iron oxides masking DSP in red mud which was reported 
by previous researchers [23]. 
 
Fig. 3-9 DSP particles observed in the medium silt fraction 
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Fig. 3-10 Bar chart of the spot EDS analysis on the minerals shown in Fig. 3-9 
In the fine silt fraction, a similarly grouped agglomerate of DSP was observed from 
Fig. 3-11, which also concealed the typical SKWB morphology. Some of the DSP particles 
viewed under the scanning electron microscope were measured to be about 2.2-2.5 µm, 
confirming the consistency of the DSP in the present red mud to be in the range of 2-3 µm. 
An EDS analysis carried out on this individual particle (Fig. 3-12) also confirms the presence 
of DSP particle coated with impurity minerals. The atomic ratio of Na:Al:Si:S with respect to 
S is 8.7:10.3:9.4:1, confirming the presence of DSP (Table 3-4). The SKWB morphology was 
less prominent in the case of the individual particle, indicating a stronger attachment of the 
impurity minerals as compared to the clustered DSP particles found in coarse silt fraction 
(Fig. 3-7). This was supported by the EDS analysis of the individual particle and the clustered 
DSP based on the Fe:Si ratio. From Table 3-3 and 4, the Fe:Si ratio of the individual particle 
is ~ 0.31 as compared with the 0.13 observed for the clustered DSP. This result further 
confirms the observation made in the SEM images with higher surface Fe coating of DSP in 
smaller size classes as compared with the larger size fractions (sand and coarse silt).  DSP 
particle from the clay fraction of red mud is presented in Fig. 3-13, which clearly 
demonstrates the covering of the general DSP morphology. Irrespective of the size class, the 
general DSP morphology seems to agree with the spherical wool ball-like network forming 
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morphology by the intersection of the coarse crystalline plates explained by previous 
researchers [23, 41].   
 
Fig. 3-11 DSP in fine slit fraction of red mud with particles measured under the microscope 
 
Fig. 3-12 An individual DSP particle observed in the fine silt fraction of red mud 
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Table 3-4 Elemental analysis of the spot 1 shown in Fig. 3-12 
Element Atomic% 
Na K 11.12 
Al K 13.12 
Si K 12.05 
S K 1.28 
Ti K 0.57 
Fe K 3.77 
O K 58.09 
Totals 100.00 
 
 
Fig. 3-13 High-magnification image of DSP particle observed in clay fraction 
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3.3.4.2 TEM observations from the clay fraction 
TEM micrographs were obtained to further understand the attachment of DSP with 
other minerals in red mud. The low-resolution TEM image shown in Fig. 3-14a is a DSP 
particle with other impurity minerals from the clay fraction. The presence of DSP was 
confirmed through EDS analysis presented in Fig. 3-15, which shows the presence of Na, Al, 
Si and S which are the key elements present in nosean. Considerable amount of Fe was also 
noticed at 6.4 keV corresponding to Fe Kα spectral line, indicating significant amount of Fe 
coating on DSP particles, which is in line with the SEM observations. The X-ray counts 
observed at ~8 keV is from the holely Cu TEM grid used to suspend red mud particles. In 
addition to these main elements, trace amounts of K, Ca, and Ti was also noticed in the EDS 
spectrum analysis. Based on these observations, it can be concluded that DSP in the clay 
fraction of red mud shows a strong attachment with iron oxides while other minerals such as 
calcite and rutile may also be present. Furthermore, TEM observations confirm the spherical 
appearance of the DSP particle as well as the size, which is consistent with the SEM 
observations. Fig. 3-14b-d shows the high-resolution TEM images of the interested areas 
from Fig. 3-14a. The DSP particle shows attachment with other minerals which can be 
hematite, goethite, their aluminium substitutions, calcite and rutile or other Ti based minerals 
based on the elemental compositions. 
Goethite, hematite and their aluminium substitutions are the predominant iron oxides 
in red mud originating from Bauxite used for SGA production [26, 42]. Fe oxide particles 
found in most soil have particle sizes in the range of 5 nm to 150 nm [44] which was similar 
to the particle size observed in this study (Fig. 3-14b). Although fully crystalline Goethite 
shows an acicular morphology this may not be the case in a natural soil [45] such as Bauxite. 
Fig. 3-14c shows that there are some goethite particles which have gained the characteristic 
acicular morphology of goethite. However, it is difficult to conclude from morphological 
examination alone whether it is Hematite or Goethite attached to DSP surfaces. Fig. 3-14d 
shows that there are edges of DSP surface which shows much less attachement with impurity 
minerals.   
Chapter 3 
81 
 
 
Fig. 3-14 TEM images of DSP and associated minerals from the clay fraction of red mud 
(Spot b- (b), Spot c- (c) and Spot d-(d)) 
 
Fig. 3-15 EDS analysis of DSP particle presented in Fig. 3-14a 
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3.4 Conclusions 
Red mud was classified into five fractions using wet sieving, sedimentation and 
centrifugation based mainly on particle sizes at 53, 20–53, and less than 5 µm, respectively. 
These fractions were identified as sand, coarse silt, medium silt, fine silt and clay fractions 
which correspond to <53, 20-53, 5-20, 2-5 and >2 µm.  
Haematite, goethite and quartz are the most pronounced among all the mineral phases 
in the red mud while traces of DSP, rutile, calcite, gibbsite and halloysite were also observed 
Quartz was concentrated in the sand and coarse silt fractions due to the larger particle size. 
Removal of sand and coarse silt fractions of red mud led to an increase of DSP, gibbsite and 
rutile in the medium silt and fine silt fractions. The smaller size fraction consisting of 
medium silt, fine silt and clay fractions contained higher concentration of DSP which was 
also confirmed by the SEM images. The clay fraction showed the highest Fe/Si ratio as 
compared to other size classes indicating significant Fe coating.  
About 14 % and 12 % of DSP content was observed for the fine silt and clay 
fractions, respectively. This is a significant increase from approximately 7 % prior size 
classification. DSP morphology was more obvious in the large size classes, i.e. the sand and 
coarse silt while it became less visible in smaller size classes (medium silt, fine silt and clay). 
In the large size classes, the spherical knitting wool ball like morphologies appeared to be 
more pronounced in the mid sections of clusters, while it was less obvious when moving 
closer to the edge.  
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4 Chapter 4 Dissolution of clay fraction of red mud to increase DSP content 
4.1 Introduction 
In Bayer process, the loss of sodium to the alumina production is significant and is 
estimated to be ~20-25% of the total alumina production cost for a refinery processing high 
silica (~6-7% or more) bauxites [1, 2]. High silica bauxite has been recognised as a major 
contributor to the costs incurred in the Bayer process due to limitations in the surface 
chemical understanding which was estimated to be AUD 150 million per annum in 1999 [3]. 
With increasing caustic soda prices (AUD 170-194/Tonne in 1999  to AUD ~437/Tonne in 
2012 [4, 5]) and the increasing production of alumina, the cost to the industry due to caustic 
losses should have been increased from the estimate made in 1999 significantly. The Bayer 
process is the principal method used for world’s commercial production of alumina, which is 
exclusively used in Australia [6-8]. Kaolinite and quartz are the main forms of silica present 
in lateritic bauxite (Karst type bauxite which is less common has chamosite, illite) which are 
readily attacked by caustic digestion to form de-silication product (DSP) [7]. Due to the 
negative charge of DSP it requires positively charged cation which is achieved by consuming 
sodium, resulting in a loss to Bayer process. The sodium trapped-DSP within red mud is 
discarded to long term bauxite residue disposal areas. In this context, separation of DSP from 
red mud is essential to the subsequent recovery of sodium from DSP, which will result in 
significant savings to the alumina industry.  
Naturally, minerals exist as mixtures of compounds such as carbonate rock in clay 
minerals and sedimentary accompanied by dolomite [9, 10]. Selective dissolution of some 
compounds from such a mixture of materials to enhance a target mineral is achieved through 
the use of mineral acids [9-11]. Red mud is also a complex mixture of material containing a 
number of minerals such as haematite, goethite, quartz, DSP, calcite, anatase, rutile, 
tricalcium aluminate, ilmenite, hydrocalumite, illite and muscovite [12]. The compositions of 
the minerals present in red mud will depend on the source of bauxite used and the process 
conditions used in the Bayer process. Due to the abundant Fe-oxides and hydroxides in red 
mud, its dissolution will invariably results in an increase of the DSP content. Dissolution of 
Fe oxides takes place either by protonation, complexation or, most important, by reduction 
[13]. When acids are used, protons are adsorbed to the surface of the oxide and facilitate the 
detachment of iron (III) from the lattice. Detachment of iron (III) is also promoted by 
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specifically adsorbed chelate ligands (complexation). If iron (III) on the surface of an oxide is 
reduced by an adsorbed reductant (reducing organic ligand or reducing metal complex), iron 
(II) is released to the solution much faster than iron (III), because the bonds between the 
reduced iron and O
2-
 ions of the crystalline lattice are weakened (reduction of the Madelung 
energy). In all of these reactions it is common that they are surface controlled and the 
dissolution rate depends on the concentration of the dissolution-promoting species on the 
surface [14]. The dissolution of Fe in complexing agents (e.g.EDTA, oxalate) is achieved 
through destabilisation of the metal centre, while in protonation mechanism, protons are 
adsorbed to the metal surface resulting in a detachment of the metal cation [13, 15, 16].   
Reduction mechanism to remove iron oxides in red mud is the most suitable method 
among the common iron oxide dissolution mechanisms. Phenolic methods, ultra violet (UV) 
reduction, and sodium citrate-bicarbonate-dithionite (CBD) methods are various chemical 
reduction methods available in terms of iron dissolution [13, 17-19]. CBD is the most 
effective, yet the mildest method of iron dissolution in terms of pH which is critical for DSP 
dissolution. CBD method has been successfully used in the removal of iron oxide from red 
mud in order to study the morphology of DSP [17]. The authors reported that the use of CBD 
method neither dissolved DSP nor alter its morphology. CBD method has been found to be 
more effective in the removal of haematite as compared with goethite, while the Al 
substitution on goethite influence its dissolution [20]. Sun et al. [21] have studied the 
magnetic susceptibility of palesols before and after CBD treatment. Anhysteretic remanent 
magnetizations was reduced to 1/10
th
 of the original values while saturation magnetization 
decreased over 60% for all sampes, due to the complete removal of maghemite grains and 
finest grains of magnetite after CBD treatment. Oorschot and Dekkers [22] , also used CBD 
method to dissolve magnetic iron oxides, where the dissolution depends not only on the 
temperature but also on the concentration of magnetic mineral. It is generally accepted that 
for significant dissolution by protonation of iron oxides to occur, the pH values of the 
solution must be below pH 3.5 [23].  Since increment of DSP in red mud is an important 
objective in this present study and it known to dissolve near ~pH 7 [17, 19], the applicability 
of iron oxide dissolution by protonation is unfeasible.  
Complexing agents are widely used in estimating the plant available Fe in soil related 
studies [13]. Bacteria, fungi and graminaceous plants employs a group of complexing agents 
known as siderophores to overcome the deficiency of plant available Fe in neutral to alkaline 
environments (in terms of pH) such as soils and marine environments by dissolving iron 
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through complexation [24-27]. Siderophores improves the Fe dissolution from the commonly 
available iron oxides in soils so that plant uptake of Fe can be improved. In this context, 
siderophores as a complexing agent can be used as a potentially viable chelator for dissolving 
Fe-oxides present in red mud. Deferroxiamine B (DFOB) is a trihydroxamate siderophores 
which have been used in the dissolution of crystalline iron oxides such as haematite, goethite 
and lepidocrocite [28-31]. The dissolution of Fe(III)(hydr)oxides (goethite and hydrous ferric 
oxide) by metal-EDTA complexes was found to occur by ligand-promoted dissolution. They 
reported that the dissolution rate is decreased to a greater extent if EDTA is complexed by 
metals in comparison to the uncomplexed EDTA [32]. Acid-ammonium-oxalate/ferrous-iron 
extraction (AAO–Fe2+) technique was used to dissolve fine-grained ferrimagnetic minerals as 
well as pedogenic haematite from palaeosol samples in one extraction step [33]. Authors 
reported that in a mixture of haematite and magnetite, hematite was preferentially dissolved 
when AAO–Fe2+ method was used. Afonso et al. [34] studied the reductive dissolution of iron 
oxides by ascorbate, and found that oxalate accelerates the reductive dissolution of hematite 
by ascorbate even though it competes with ascorbate for surface sites.  
Based on the aforementioned discussion, it is important to investigate the iron oxide 
dissolution from red mud in order to increase the content of DSP. Enhancement of the DSP 
content in red mud is a fundamental step leading to subsequent soda recovery which is 
important to minimise caustic losses. This present study investigates the dissolution of iron 
oxides from Bayer red mud using surface controlled reaction mechanisms of protonation, 
complexation and reduction. A stepwise approach was taken during the dissolution through 
the use of reduction method of CBD. At each step of the CBD procedure, iron dissolution 
was systematically studied using inductively couple plasma optical emission spectroscopy 
(ICP-OES), Scanning electron microscopy (SEM) equipped with energy dispersive 
spectroscopy (EDS), X-ray diffraction and X-ray photon spectroscopy (XPS). Iron 
dissolution in red mud was also investigated via complexation reaction using siderphores 
(DFO-B) as a chelating agent. The siderophore concentration was kept to a minimum range 
of siderophore concentration that could be found in natural soil environments. Influence of 
iron oxide dissolution with DFO-B was investigated using different reaction temperatures (25 
and 60 °C) and pH values (7, 9 and 11).  
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4.2 Materials and Methods 
4.2.1 Materials 
All chemicals used in this study are analytical grade reagents with the exception of 
red mud. Sodium dithionite (Na2S2O4) and Tri sodium citrate (Na3C6H5O7.2H2O) were 
purchased from Fisher Scientific, Sodium Chloride (NaCl) from Ajax Finechem Pty Ltd and 
Sodium Bicarbonate purchased from Acros Organics were used in the CBD treatment of the 
clay fraction of red mud.  Deferoxamine mesylate salt (C25H48N6O8.CH4O3S) and HEPES (4-
(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid, C8H18N2O4S), and Sodium Nitrate 
(NaNO3) were used in iron oxide removal experiments using complexation. Dilute 
concentration of Sodium Hydroxide (prepared from NaOH pellets) and HCl (prepared from 
36% concentrated solution from Merck) were used in the adjustment of pH required in 
chemical treatment methods and DSP dissolution studies. Buffer solutions required for DSP 
dissolution studies at pH values of 5.5, 6.6, 7.0 and 7.5 were prepared using, citric acid-
sodium citrate, citric acid- dibasic sodium phosphate buffer, citric acid-disodium phosphate 
buffer and monobasic-dibasic sodium phosphate (purchased from Ajax Finechem Pty Ltd) 
buffer, respectively. All the additional water required for the experiments and the preparation 
of solutions were done with deionised water.  Table 4-1 shows the XRF analysis of red mud 
from different sources [35]. The red mud used in this study was obtained from an alumina 
refinery in Western Australia of which the XRF analysis is presented in Table 4-2.  
DSP synthesised for dissolution experiments were prepared hydrothermally as 
explained briefly. A laboratory autoclave having a 100 ml capacity with a carbon steel 
exterior and a Teflon interior lining was used for the synthesis process. Initially, 70 ml of DI 
water, 11.1 g of NaOH (Sigma Aldrich), 2.8 g of Na2SO4 (Ajax Finechem Pty Ltd) and 8.6 g 
of Gibbsite (BDH Chemical Ltd (VMR)) was added to the autoclave. All the chemicals were 
mixed for about 15 min at room temperature using a magnetic stirrer. The autoclave was kept 
at 200 ⁰C for 30 min. The autoclave system was allowed to cool down to room temperature 
naturally. 4.7 g of Kaolin (Sigma Aldrich) was added to the liquor in the autoclave and 
stirred. The new mixture was placed in the oven at 100 °C for 15 h. Then the autoclave was 
taken out and allowed to cool down to room temperature. After the hydrothermal synthesis of 
the mixture containing Kaolin, 0.37 g of Gibbsite was added to mixture and stirred for about 
5 min. The autoclave was then placed in oven at 175 °C for 30 min and allowed to cool to 60 
°C. The synthesised sample was vacuum filtered at 60 °C followed by washing 3 times with 
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10 ml of deionised water in each cycle. The filter cake was dried in a vacuum oven at 105 °C. 
The samples were ground using agar mortar and pestle prior to subsequent tests and analyses.  
Table 4-1 XRF analyses of various red mud sources expressed as % oxide [35] 
Source Fe2O3 MnO TiO2 CaO K2O P2O5 SiO2 Al2O3 MgO Na2O SO3 LOI Total 
Kwinana 28.5 0.02 3.11 5.26 0.94 0.14 18.8 24.0 0.43 3.4 0.69 15.5 100.8 
Pinjarra 31.7 0.02 3.17 4.44 0.90 0.16 20.2 18.8 0.39 4.2 0.67 15.8 100.4 
Wagerup 29.6 0.02 2.65 3.64 0.46 0.24 30.0 17.3 0.23 3.2 0.54 12.5 100.4 
Worsley 56.9 0.04 4.46 2.39 0.26 0.22 3.0 15.6 0.12 2.2 0.39 14.3 99.9 
Nabalco 34.8 0.01 8.03 2.25 0.69 0.16 9.2 23.2 0.04 7.1 0.27 13.8 99.6 
QAL 30.7 0.03 7.01 2.51 0.78 0.18 16.0 18.6 1.01 8.6 0.48 13.8 99.8 
Brazil 45.6 0.01 4.29 1.16 0.29 0.05 15.6 15.1 0.05 7.5 0.21 9.3 99.1 
Germany 44.8 0.06 12.33 5.22 0.27 0.45 5.4 16.2 0.13 4.0 0.31 10.2 99.3 
Italy 15.2 0.01 6.15 4.23 1.10 0.15 18.6 24.7 0.46 11.7 2.29 15.5 100.1 
Spain 37.5 0.05 11.45 5.51 0.26 0.40 4.4 21.2 0.08 3.6 0.20 14.0 98.7 
USA 35.5 0.57 6.31 7.73 0.47 1.19 8.5 18.4 0.09 6.1 0.48 14.2 99.6 
CRM 28.3 0.02 3.00 5.80 0.94 0.16 19.1 20.5 0.51 4.4 0.68 16.5 99.9 
RMG 29.6 0.01 2.84 6.88 0.76 0.21 18.0 18.1 0.40 4.3 4.60 16.1 101.8 
ARMG 28.5 0.02 2.79 4.86 0.95 0.12 23.7 22.0 0.45 2.1 0.46 14.0 99.8 
LRMG 31.1 0.02 3.11 6.21 0.79 0.16 19.5 19.4 0.39 2.6 2.46 15.8 101.6 
LRM 34.5 0.02 3.49 2.29 0.82 0.18 21.6 21.5 0.28 0.9 0.33 14.3 100.2 
TKW 27.5 0.02 2.96 5.27 1.13 0.15 19.9 23.8 0.44 3.5 0.59 15.1 100.5 
QAL-Queensland Alumina Limited 
CRM- Carbonated red mud, Kwinana, Western Australia, Australia 
RMG- Kwinana red mud+10% w/w gypsum 
ARMG-Kwinana red mud+10% w/w gypsum exposed to weather ~ 4 years 
LRMG-Pinjarra red mud+5% w/w gypsum with leaching to remove salts 
LRM- Pinjarra red mud leached with dilute acid 
TKW-Kwinana red mud treated with formaldehyde as for quarantine 
LOI-Loss on ignition 
 
Table 4-2 XRF analysis of red mud used in the present study 
Oxides  % 
Al2O3 16.35 
SiO2 8.17 
Fe2O3 50.58 
TiO2 4.84 
CaO 2.11 
Na2O 3.49 
P2O5 0.13 
V2O5 0.23 
Cr2O3 0.07 
MgO 0.14 
SO4 0.66 
K2O 0.13 
SrO 0.01 
ZrO2 0.08 
Ga2O3 0.02 
LOI 13.00 
Total 100.01 
LOI-Loss on ignition
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4.2.2 Methods 
4.2.2.1 Size separation  
Clay fraction of the red mud was obtained in the same way as in the previous chapter 
which is briefly summarized here. Firstly, red mud was classified based on particle size into 
five different fractions used in soil classification [18]. Particle size classification was done by 
settling and decantation/centrifugation to obtain fractions with cut-off points at 53, 20, 5 and 
2 µm. Initially, particles greater than 53 µm (sand fraction) were separated by wet sieving. 
The fraction greater than 20 µm (coarse silt) was then collected by repeated decantation. The 
suspensions were then centrifuged to remove the clay fraction (less than 2 µm), each time for 
3 min at 750 rpm (25
o
C). Finally, the remaining soil was fractionated into medium (greater 
than 5 µm) and fine silt by repeatedly centrifuging at 300 rpm for 3 min (25
o
C). The clay 
fraction was then used for CBD treatment and DFO-B aided dissolution of iron oxide. Only 
the clay fraction of red mud was specifically selected with the understanding that dissolution 
reactions are most effective with reduced particles sizes (~ 2 µm or lower) [13] .  
4.2.2.2 CBD treatment 
0.5 g of the clay fraction of red mud (less than 2 μm) was added to the 50 ml 
centrifuge tubes and placed in an end on end shaker water bath (Julabo SW22) at 80 °C. 20 
ml of 0.3 mol/L sodium citrate solution and 2.5 mL of 1 mol/L sodium bicarbonate were 
added to the centrifuge tube containing red mud samples. After about 5 min, 0.5 g of sodium 
dithionite was added and stirred for approximately 1 min. After the 15 min reaction cycle, 5 
ml saturated NaCl solution was added to promote flocculation followed by centrifugation for 
5 min at 1000 rpm. Liquid samples were kept for ICP analysis while the solid samples were 
analysed using SEM. This procedure was repeated for 5 times and stepwise analysis was 
carried out at each stage.  
4.2.2.3 CBD followed by ultrasonication 
1 g of red mud (without any size separation) was used for the comparative study of 
CBD treatement with and without ultrasonication. Ultrasonication experiments were carried 
out in a glass beaker using Sonics (Vibra cell
TM
) probe sonicator specified as Model: VCX 
750 Frequency: 20 kHz Volts 230 VAC-50/60 Hz. An equivalent amount of 1 g of red mud 
(on dry basis) was measured and used for ultrasonic treatment in 100 ml of de-ionized water. 
Amplitude of 60% was selected with pulse on off mode at 2 sec and 1 sec, respectively. 
During the 6 h ultrasonication process the water level was maintained by adding de-ionized 
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water (every 30 min). Once the ultrasonication process is completed the suspension was 
centrifuged at 4700 rpm for 1 h and 15 min to settle the particle suspension.  The liquid 
fraction was filtered using Nalgene high flow vacuum filter with 0.2 μm filter paper and it 
was observed a coloured suspension from the filterate indicating that particles finer than 0.2 
µm was obtained through the ultrasonication process. The solid samples were resuspended in 
20 ml of 0.3 M sodium citrate and 2.5 ml of 1 M sodium bicarbonate. Prior to the first CBD 
treatment cycle samples were ultrasonicated again for another 15 min to disintegrate any re-
agglomerations during the centrifugation process. Subsequent CBD treatment methods were 
as mentioned earlier.  
4.2.2.4 Complexation experiments 
Dissolution experiments were carried out at ~pH 7, 9 and 11 in conical flasks open to 
the atmosphere. The pH value was selected to ensure negligible proton- or hydroxide ion–
promoted dissolution and to minimise DSP dissolution during the 30 h reaction period. Red 
mud concentrations of about 0.5 g/L were used for the dissolution experiments at 25 and 
60°C under constant stirring. The background electrolyte solution of NaNO3 (1 mmol/L) 
mixed with 5 mM HEPES pH buffer was used to prepare a stock solution containing DFO-B 
(0.24 mM). The concentration of DFO-B was selected to meet the minimum range 
concentration found in natural soil systems [36, 37]. In each dissolution experiment, red mud 
was placed in conical flasks wrapped with Al foil to exclude light. Aliquots were taken 
periodically over the 30 h reaction period. Samples were collected for ICP measurements 
followed by acidification with 3 drops of 0.1 ml HCl to stabilise the samples. The reaction 
temperature and pH was monitored through Metrohm 842 tritrando titration fitted with 
Metrohm glass electrode.  
4.2.2.5 DSP dissolution at various pH 
In order to confirm that DSP dissolution occurs as at a critical pH, several runs were 
carried out using buffer solutions at varying pH. The selected pH values were 5.5, 6.6, 7.0 
and 7.5 using, citric acid-sodium citrate, citric acid- dibasic sodium phosphate buffer, citric 
acid-disodium phosphate buffer and monobasic-dibasic sodium phosphate buffer, 
respectively [38]. Based on the previous experience of natural pH rise observed when DSP 
was suspended in de-ionized water, the use of buffer solutions seems more suitable in this 
present study. 1g of synthesised DSP was suspended in 1 L of buffer solution. The solutions 
were kept at room temperature while the pH was measured during the entire dissolution 
process of 2 h. Once the dissolution process is completed, the remaining residue was filtered. 
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The filter cake was collected and dried using a vacuum oven at 105 °C and the filtrate was 
collected for subsequent ICP analysis.  
4.2.2.6 Characterisation of minerals 
Crystallographic compositions of the separation were measured using XRD (X-Ray 
Diffraction). Equipment used for XRD was Rigaku miniflex mark I diffractometer with Co 
Kα X-ray source radiation (λ = 1.7902 Å) operated at 30 kV and 15 mA with a scan speed of 
2°/min on a low background sample holder. Step size selected 0.02° and the scan range was 
2°-50° for characterisation.  
A Kratos Axis ULTRA X-ray photoelectron spectrometer (XPS) was used to measure 
the binding energy of elements, incorporating a 165 mm hemispherical electron energy 
analyzer. The incident radiation was monochromatic Al Kα X-rays (1486.6 eV) at 225W (15 
kV and 15 mA). Base pressure in the analysis chamber was 1.0x10
-9
 Torr and, during sample 
analysis, shifted to 1.0x10
-8
 Torr. The C-C peak position was set to 284.6 eV and taken as an 
internal standard. Quantitative analysis of DSP was determined by standard industry practice 
of dissolving a known quantity of red mud (~40mg) in 500 ml of 0.1 M HCl for 30 mins. The 
suspension was filtered and the liquid fraction was analysed using ICPOES.  
JOEL® JSM 6610 was used for the SEM (Scanning Electron Microscopy) study of 
red mud particles. All samples presented in this study are coated with carbon using a JEOL 
JEE-4x carbon coater. Samples are mounted on 12.5 mm diameter Al stubs with double sided 
tape carbon. After a series of experiments it was found out approximately 15-25 nm thickness 
carbon coating suit best for red mud particles to be studied under SEM which prevented 
charge build up on the samples under the microscope. Oxford instrument’s Inca software 
(Version 5.04) was used for the (Energy Dispersive Spectroscopy) EDS analysis and 
mapping experiments. X-ray detector used for EDS analysis was fitted with SDD (Silicon 
Drift Detector) type detector with a size of 50 mm
2
.  
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4.3 Results and discussion  
4.3.1 Selective dissolution of the clay fraction of red mud using CBD 
Fig. 4-1 shows the XRD pattern of the clay fraction of red mud before and after 
sodium citrate, bicarbonate and dithionite (CBD) treatment. As expected in red mud, goethite, 
heamatite, calcite, DSP, Rutile, Halloysite and Gibbsite were all present in the parent sample. 
It is evident from Fig. 4-1 that before the CBD treatment, haematite and goethite are observed 
to be the most pronounced among all the mineral phases. Peaks observed at 2θ = 34.1, 31.1 
and 29.5⁰ can be assigned to traces of calcite, rutile and halloysite, respectively. Also, peaks 
noticed at 2θ =  1.3,  4. ,   .  and 3 .6⁰ can be assigned to gibbsite, goethite, DSP and 
haematite, respectively [39-42]. It is evident from Fig. 4-1 that a complete dissolution of 
CaCO3 (calcite) was achieved after the fifth CBD cycle. Nearly all the haematite were 
dissolved while some crystalline goethite was still present even after the fifth CBD extraction 
cycle. Mehra and Jackson [43] reported that reducing the operational pH of the CBD 
treatment below 7, leads to a significant improvement in the iron dissolution. Therefore, since 
the CBD treatment performed in this present study was carried out at a pH value of ~7.3, an 
incomplete dissolution of iron oxides is expected. Furthermore, the possible explanation for 
the incomplete dissolution of goethite might be due to the preferential dissolution of 
haematite compared to goethite, due to the small crystal size of hematite and its lower level 
of isomorphous substitution of Al found in natural systems [44]. 
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Fig. 4-1 XRD spectra of red mud clay fraction before and after CBD treatment (S-DSP,Go-
Goethite, G-Gibbsite, H-Hematite, Ha-Halloysite, C-Calcite, R-Rutile) 
CBD method is important in a system such as red mud where the iron oxide content is 
between the range of 10-65% [12]. The red mud under consideration originates from an 
Australian alumina refinery with high iron oxide content (Table 4-2) and hence the use of 
CBD method is apt from a technical point of view. Generally, bauxite residue (red mud) 
respresnts 70% crystalline form and ~30% amporphous (non-cyrstalline) form [12]. Fig. 4-2a 
shows the Fe concentration obtained using ICP-OES at each step of the CBD procedure. 
These iron oxide dissolutions can mainly be attributed to the dissolution of hematite and 
goethite in the clay fraction of red mud. A concentration of 2485 mg/L was observed after the 
first treatment cycle of the clay fraction of red mud with CBD method. After the second CBD 
cycle, a significant reduction in the extracted iron was observed, recording almost half the 
value of the iron extracted in the first CBD cycle. The Fe removed reduced as the experiment 
progressed, with 702 and 281 mg/L obtained at the fourth and fifth cycles, respectively (Fig. 
4-2a). This observation is consistent with the previous studies conducted on sequential 
dissolution of Fe using CBD method [45, 46]. Similar to the observation noticed with the iron 
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extraction in the clay fraction of red mud using the CBD method, the highest extraction of Al 
was also noticed after the first cycle (Fig. 4-2b). The extraction of Al after the first cycle 
reduced significantly with a value of 153 mg/L obtained in the second cycle as compared 
with the 205 mg/L noticed in the first extraction. The Al extracted after the last CBD cycle 
was approximately 0.3 of the extracted value in the first cycle, which confirms that most of 
the alumina were removed after the first cycle. The Al containing crystalline phases present 
in the clay fraction of red mud are Gibbsite, Al-substituted iron oxides (Goethite and 
Haematite), DSP and Halloysite. However, most of the dissolved alumina observed from this 
CBD treatment originates from the substituted Al present in both goethite and haematite, 
which is consistent with the XRD results presented (Fig. 4-1). This is further supported by the 
presence of Gibbsite, DSP and Halloysite observed in the XRD spectrum after CBD 
treatment. Furthermore, some of the dissolved alumina might also have resulted from the 
partial dissolution of amorphous alumina [47]. 
Phosphorous (P) is known to exist in sediment as alumina bonded-P, iron bonded-P, 
calcium bonded-P, reductant soluble-P, occluded-P and organic-P [48]. Similar to the trend 
observed for both extractions of alumina and iron, the extraction of phosphorous was also 
noticed to reduce with the progress of CBD extractions (Fig. 4-2c). Since phosphorous is 
generally bound to the alumina and iron, the dissolution of these metals should directly lead 
to the release of the phosphorous, which confirms the stepwise extraction of CBD observed 
in Fig. 4-2c. It is important to point out that most of these phosphorous are bounded to the 
amorphous or poorly crystalline ferric iron forms and have weak interactions with highly 
crystalline oxides [49]. In case of Ca dissolution, most of the extraction occurred after the 
first cycle while negligible extraction was observed in the subsequent cycles (Fig. 4-2d). 
Calcite, aragonite and dolomite are the only forms of Ca sources found in soil samples [50]. 
But in the case of the clay fraction of red mud used in this present study, calcite is the only 
form of crystalline material observed as indicated by the XRD results (Fig. 4-1). Previous 
researchers have also found out that some Ca can exist as non-carbonate minerals, in which 
the CBD treatment is capable of removing [50]. Since surface coating of soil is generally 
known to be covered with iron, aluminium, silica and carbon [51-53], their dissolution will 
invariably lead to an increased extraction of Mg and K. This is further confirmed by the XRD 
results which show the absence of dolomite, implying that the Mg present in the red mud is 
mainly associated with non-carbonate minerals. The highest extraction of Mg (8.9 mg/L) was 
also observed after the first cycle of CBD treatment, while almost negligible extraction was 
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observed after the fifth cycle. The slight variation between the second and the third extraction 
steps of Mg may be as a result of subsequent precipitation of iron and alumina, hindering the 
release of Mg from red mud [54]. The strange trend observed with K extraction during the 
first and second cycles may be attributed to its unusual chemistry in soil. Potassium are 
known to be present as a matrix element in tectosilicates and are retained strongly in the 
interlayers of micas (phyllosilicates) [55], which might account for the trend observed (Fig. 
4-2f). This is further supported by the work of Melo et al. [56], where the authors reported 
that K associated with amorphous Al and Fe represents the lowest proportion of K present in 
clay fraction.  
Among all the elements extracted using the CBD method, silica showed the most 
resistance to dissolution. Between the 1
st
 and the 3
rd
 cycle, the silica content was found to 
increase from 32.1 to 37.6 mg/L. Silica is known to be held at the surface of iron and 
aluminium oxides in clay fractions and could be converted into occluded form as a secondary 
coatings as well as formation of concretions [57]. Formation of these secondary coatings 
together with the development of concretions might have account for the abnormality 
observed with the silica trend between the first and third cycle. A sudden change in trend of 
silica extraction (~2.8 mg/L) was noticed during the fourth cycle, but was immediately 
followed by an increment in the silica content. The slight extraction of silica observed during 
the fourth cycle may be as a result of displacement of the absorbed silica by citrate anions 
with a simultaneous secondary coating of silica resulting in the sharp increase of the silica 
content (5
th
 cycle). The dissolved silica noticed during the 4
th
 cycle is not as a result of 
dissolution of DSP, since the CBD method cannot dissolve layered aluminosilicate materials 
[58, 59]. Most of the total Zn in soils exist in unavailable forms in which the more plant 
available forms such as the water soluble, exchangeable, and organic, are low compared with 
less plant available forms in the oxide and residue fractions [60-62]. Using the CBD method, 
a completely different CBD trend was noticed in the case of Zn. The only Zn extracted using 
this method was observed during the first and the second cycle, an increase in the Zn content 
in the solution occurred (Fig. 4-2h). The sharp increase in the Zn content noticed after the 
second cycle might be due to the greater adsorption of Zn by the higher negative charge 
developed on the Fe and Al oxides [63]. Overall, the extractable Zn obtained using CBD 
method in the present study is low as compared with other dissolved metals. The low 
recovery of Zn using the CBD might also be ascribed to the pH (~7.3) used in this work, 
since increasing pH value decreases Zn in the water soluble fraction as well as in the 
exchangeable fraction of soils [64, 65]. Since goethite and haematite have a great potential 
Chapter 4 
99 
  
for isomorphic substitution of iron by Cr [66, 67], the dissolution of iron oxides with the 
CBD treatment would consequently lead to a release of Cr. Consistently, this situation can be 
observed when the trend of extractable iron is compared with that of Cr (Fig. 4-2i). The 
highest extractable Cr of ~2.5 mg/L was noticed after the 1
st
 CBD cycle, and was found to 
decrease with the progress of the experiment. The low extractable Cr obtained using CBD 
treatment as compared with other elements (Ca, Mg and K), might be ascribed to the 
incorporation of Cr into the structure of goethite. Furthermore, the lower isomorphic 
substitution of Cr for Fe to that of Al is expected, due to the greater relative abundance of Al 
in most natural samples [67].  
Quantitative analysis of DSP was determined by dissolving a known quantity of red 
mud (~40mg) in 500 ml of 0.1 M HCl. The DSP content obtained before and after CBD 
treatment in red mud was quantified by the amount of Si associated with silica in DSP using 
the general acceptable procedure [6, 17]. After size separation, the clay fraction of red mud 
contains about 13% DSP, while the unclassified red mud contained only ~7%. The higher 
content of DSP in the clay fraction as compared with the unclassified red mud, can be 
ascribed to nature of fine particle size of DSP which is about 1-2 µm. After successive CBD 
treatment (5
th
 cycle) of the clay fraction of red mud, an increment of approximately 83 % 
(from 12 to 22 %) in the DSP content was achieved, indicating the effectiveness of the 
dissolution method adopted. 
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Fig. 4-2 Elemental analysis of dissolution of clay fraction of red mud at each CBD treatment 
cycle  
Fig. 4-3 shows the XPS survey spectra of red mud clay fraction before and after CBD 
treatment. In accordance with the ICP analysis, presence of Na, Fe, F, Ti, N, Ca, C, Si, Al and 
Mg were observed from the clay fraction of red mud. It not surprising that Cr could not be 
detected with the XPS spectra, since it is generally known to be incorporated into the 
structure of goethite [67]. Before the CBD treatment, the oxygen peak was found to be the 
most pronounced while traces of N, Ca and F were observed. The XPS results reveal the 
presence of Na1s, Fe2p, F1s, O1s, Ti2p, N1s, Ca2p, C1s, Si2p, Al2p and Mg2p with binding 
energies of 1069.9, 709.9, 682.9, 528.9, 456.9, 397.7, 345.9, 284.0, 100.4, 72.4 and 49.0 eV, 
respectively [68-77]. The elemental composition from the XPS and their assignment are 
presented in Table 4-3. Fig. 4-3B shows the XPS survey spectrum of red mud clay fraction 
after the final CBD treatment cycle. After the final CBD treatment, C and O peaks were the 
most pronounced while Fe, Ca and Mg were not detected which concurs well with the ICP 
results. This result also supports the XRD result (Fig. 4-1) which shows the complete 
dissolution of calcite from the red mud after the CBD treatment. The XPS analysis confirms 
that the surface coated iron oxides were completely removed after the final CBD treatment 
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(see inset Fig. 4-3B). Since XPS is a surface technique, the iron oxide present in the layered 
structure might not be detected using this analysis, which might account for the presence of 
goethite noticed from the XRD results. This result is in agreement with previous researchers, 
since iron present in layered structure are difficult to be extracted with CBD method [78]. 
Since no haematite was detected from the XRD results, the XPS results might suggest that 
nearly all the goethite and haematite present on the surface were removed by this treatment. 
Table 4-3 Surface composition of red mud clay fraction before and after CBD treatment 
Element 
Binding 
Energy (eV) 
Before CBD 
(At. %) 
After CBD 
(At. %) 
O 1s 528.9 51.6 19.41 
C 1s 284.0 19.66 74.16 
N 1s 397.7 2.03 1.63 
F 1s 682.9 3.27 - 
Na 1s 1069.9 2.26 1.7 
Ti 2p 456.9 2.47 0.3 
Fe 2p 709.9 5.67 - 
Mg 2p 49.0 1.47 - 
Si 2p 100.4 3.01 0.89 
Al 2p 72.4 7.69 1.9 
Ca 2p 345.9 0.87 - 
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Fig. 4-3 XPS survey spectra of red mud clay fraction before (A) and after (B) CBD treatment 
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Fig. 4-4 and 5 show the surface morphology of red mud used in this present study, 
before and after CBD treatment. Fig. 4-4a and b shows the parent material without CBD 
treatment having the general characteristics of red mud with varying size particles, which is 
similar to previously reported red mud samples [79]. The presence of DSP in red mud is 
evident from Fig. 4-4c but cannot be clearly viewed due to the surface coatings by other 
minerals. The presence of this DSP was further confirmed through the use of energy 
dispersive spectroscopy (EDS) as presented in Table 4-4. After the first CBD cycle, the DSP 
morphology became obvious showing the faint knitting wool ball morphology (Fig. 4-4d). As 
the CBD treatments successively proceeded, the appearance of the balls of knitting wools 
became more obvious as presented in Fig. 4-5. The DSP found in red mud during this present 
study, is similar to previously reported desilication product showing the ball-like morphology 
of the material [17]. The DSP became even more evident after the fourth CBD cycle, 
showing a collection of spherically shaped particles with intertwined rods (Fig. 4-5c). The 
EDS analysis taken after the final CBD cycle clearly showed that most of the iron coating 
DSP has been successfully removed, which agrees to well with the ICP, XRD and XPS 
analyses.  
 
Fig. 4-4 SEM images of red mud (a and b), DSP particle in red mud before CBD treatment 
(c) and DSP in red mud after 1
st
 CBD cycle (d) 
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Fig. 4-5 SEM images of DSP in red mud after CBD cycle (a-2
nd
 cycle, b-3
rd
 cycle, c-4
th
 cycle 
and d-5
th
 cycle) 
Table 4-4 EDS analysis of SEM images presented in Fig. 4-4 and 5 
Elements Before-C 1st C-cyc. 2nd C-cyc. 3rd C-cyc. 4th C-cyc. 5th C-cyc. 
O K 64.43 58.62 65.49 63.7 63.54 62.68 
Na K 12.46 10.44 14.99 13.28 14.46 18.76 
Al K 9.91 13.15 8.52 11.84 10.56 6.56 
Si K 8.77 12.59 7.35 8.94 9.54 5.15 
S K 0.52 1.54 1.05 0.42 0.44 2.73 
Cl K 0.18 0.12 0.17 0.18 0.18 3.23 
Ca K 0.83 0.95 0.37 0.07 0.08 0.09 
Ti K 0.41 0.28 0.38 0.54 0.41 0.41 
Fe K 2.5 2.31 1.68 1.04 0.8 0.39 
C-CBD Method 
The elemental analyses are presented in At. % 
 
Since increasing the DSP content in red mud is part of the main goal of this work, an 
investigation was carried out to determine the possible pH range in which the dissolution of 
DSP occurs. Confirming the actual pH at which the synthesized DSP dissolves is also vital to 
this study, since the synthesized DSP will be used for subsequent floatation experiments. 
Using the synthesized DSP prepared using hydrothermal synthesis; the dissolution of DSP 
was investigated between pH 5.5 and 7.5 at 25 ⁰C. For both Si and Al, little or no dissolution 
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was observed at pH 7.5 while a drop in the pH value to about 7 resulted in a sharp increase in 
the dissolution of both metals (Fig. 4-6). A further drop in the pH value to about 6.5 resulted 
in an increased Si and Al dissolution to about 180 and 210 mg/L, respectively. Below pH 6.5, 
an insignificant change in the dissolution of Si and Al was noticed, indicating a complete 
dissolution of DSP. This result is in agreement with the work of Ho et al. [17], where authors 
reported a complete disappearance of DSP below pH 7. 
 
Fig. 4-6 Elemental analysis of DSP dissolved using buffer solutions at various pH 
values in mg/L (Si (□) and Al (○)) 
The dissolution of DSP at the various pH values was also systematically analysed 
using the X-ray diffraction. Fig. 4-9 shows the XRD pattern of the synthesised DSP and the 
residual solid fraction obtained after each dissolution step. Peaks observed at 2θ = 16.1, 28.0, 
36.5, 43.4, 49.6, 73.9 and 75.1⁰ can be assigned to (110), (211), (310), (321), (330), (610) and 
(532) phases of nosean, respectively (Fig. 4-7a). Consistent with the ICP results, traces of 
undissolved DSP was noticed at pH 7, while peaks observed at  θ = 16. , 3 .7, 44.  and 
57.8⁰ correspond to (020), (021), (041) and (002) phases of boehmite, respectively. A 
complete dissolution of DSP was achieved at pH 6.6 and 5.5, with gibbsite and boehmite 
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observed as the dominant peaks (Fig. 4-7e and f). These results concur well with previous 
researchers where a complete dissolution of DSP in red mud was achieved at pH 5.4 [19].  
 
Fig. 4-7 XRD spectrum of synthesised DSP dissolved at different pH values ((a) Nosean 
(DSP) JPDCS 74-1736, (b) synthesised DSP (c) pH 7.5 (d) pH 7.0 (e) pH 6.6 and (f) pH 5.5, 
B-Boehmite, G-Gibbsite) 
4.3.2 CBD dissolution after ultrasonic pre-treatment  
Ultrasonication pre-treatment is a physical fractionation method which are less 
destructive and has minimal alteration of the chemical structure of the material being 
separated [80]. Disintegration of the red mud using ultrasonication before CBD treatment is 
expected to enhance the dissolution process since comparatively smaller size particles has 
higher dissolution rates. Fig. 4-8 shows the elemental analysis of CBD treated red mud (0.3 -
1000 µm) with and without ultrasonication. In the ultrasonically assisted CBD treatment, size 
separation was not carried out to clearly observe the effect of ultrasonication on the overall 
treatment. The parent red mud without size separation was subjected to ultrasonication with 
an output frequency of ~ 12 kHz (60% amplitude). Using red mud without size classification 
(unclassified) in CBD treatment reveals that almost negligible amount of extractable Al can 
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be achieved (Fig. 4-8a). Without ultrasonication, comparing the trend of extractable Al using 
the unclassified red mud with the extractable Al obtained using the clay fraction of red mud 
(Fig. 4-2b), clearly shows the impact of size separation on the CBD treatment. Using 
ultrasonication with the CBD treatment, an extractable Al of ~523 mg/L was achieved as 
compared with only 170 mg/L obtained without ultrasonication after the second CBD cycle. 
Since Fe and Al oxide can act as a physicochemical barrier in soil samples [51], the 
significant extractable Al obtained using the CBD-assisted ultrasonication treatment might be 
due to the prior loosening of these barriers via ultrasonication treatment. Similar to the trend 
which was observed with the extractable Si using the clay fraction of red mud (Fig. 4-2g), the 
extractable silica of the unclassified red mud without ultrasonication was also notice to 
increased with the progress of the CBD treatment (1
st
 and 3
rd
). However, using 
ultrasonication with the CBD treatment, the secondary coating together with the formation of 
concretions which is associated with Si was tremendously reduced or prevented. The Si trend 
for the ultrasonicated CBD treatment showed a constant trend between the third and the fifth 
cycles, which might indicate that most of the surface Si associated with Al and Fe have been 
removed. Without ultrasonication, the extractable Fe and Cr for both the clay and the 
unclassified fractions of red mud, showed comparable trend where the metals extracted 
decreased with increasing CBD cycle (Fig. 4-8c and d). In the case of the CBD-assisted 
ultrasonication treatment, a significant improvement was observed for both the extractable Fe 
and Cr. With the help of the ultrasonication, the extractable Fe was about 1175 mg/L as 
compared with only 555 mg/L for the CBD treatment without ultrasonication. Similarly, the 
extractable Cr was ~1.9 mg/L for the CBD-assisted ultrasonication treatment while only 0.9 
mg/L was achieved for CBD treatment alone. With the exception of Si, the extractable Al, Fe 
and Cr available for CBD-assisted ultrasonication treatment after the fifth cycle were much 
lower as compared with the CBD treatment carried out without ultrasonication. A possible 
explanation for the insignificant difference between the extractable Si for the CBD and the 
CBD-assisted ultrasonication treatment may be due to the generation of secondary coating 
during the treatment. This result indicates that ultrasonication of red mud prior to CBD 
treatment not only assisted in the disintegration of the agglomerated red mud particles but 
also loosening surface coated metals resulting in improved reducibility.  
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Fig. 4-8 Elemental analysis of CBD treated red mud with and without ultrasonication (a) Al, 
(b) Si, (c) Cr and (d) Fe in mg/L (CBD with ultrasonication () and CBD without 
ultrasonication ()) 
  
Chapter 4 
109 
  
4.3.3 Dissolution of clay fraction of red mud with Deferroxiamine B (DFO-B) 
Dissolution of the clay fraction of red mud was also investigated through 
complexation mechanism using DFO-B as a chelating agent. DFO-B is a readily available 
siderophore, which is generally known to have greater affinity for aluminosilicates as 
compared with iron oxides (haematite and goethite) [81]. In this study, in order to suppress 
the dissolution of aluminosilicate and increase the affinity of the siderophores towards Fe, the 
reaction mixture was varied between pH 7 and 11. The influence of the reaction temperature 
on the dissolution of Si, Al and Fe at varying pH values was also studied. Fig. 4-9 shows the 
elemental analysis of ligand-promoted dissolution of the clay fraction of red mud at reaction 
temperature of 25 ⁰C at pH 7.3, 9 and 11. At 25 ⁰C, the highest dissolution for Fe and Al 
occurred at pH 11, while more Si was dissolved at pH 7.3. The least dissolution was observed 
with Fe and was found to increase as the reaction progressed. After 29 h reaction time, 
significant increase in Fe dissolution was noticed by changing the pH from 7.3 (0.22 mg/L) to 
11 (0.56 mg/L). Although a much lower Fe dissolution rate was observed as compared with 
Si and Al at 25 ⁰C, it is evident from Fig. 4-9a and b that the dissolution of Si can be 
tremendously reduced by shifting pH towards the alkaline medium. A higher rate of 
dissolution was observed for Si, Al and Fe by increasing the reaction temperature from 25 to 
60 ⁰C (Fig. 4-10). At the initial stage of the reaction (9 h), changing the pH value had little or 
no effect on the dissolution rate of both Al and Fe while, the dissolution of Si increased with 
the progress of the reaction. The higher rate of Fe dissolution observed with prolonged 
reaction time irrespective of the reaction temperature is in line with previous observations 
made by several researchers [82]. For both the complexation reaction carried out at 25 and 60 
⁰C, higher rate of dissolution of Si was observed at all pH values studied as compared with 
the dissolution rate of Al. Al have been reported to exhibit a high binding affinity for 
siderophores (DFO-B) [83], which should consequently lead to higher rate of dissolution. On 
the contrary, we observed a much higher rate of dissolution for Si at pH 7.3, 9 and 11 for 
reaction temperatures of 25 and 60 ⁰C. A possible explanation for the higher rate of Si 
dissolution might be due to the high solubility of the surface coated Si on the clay fraction of 
red mud in the presence of siderophores (DFO-B). Wolff-Boenisch and Traina [84] also 
noticed higher silicate dissolution in the presence of DFO-B as compared with Al and 
ascribed the phenomenon to the detachment of Si polymers from the leached silicate surface 
as well as the presence of high aqueous concentration in the solution. This is also in line with 
the higher rate of dissolution of Si observed in wollastonite, where the high dissolution of Si 
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was attributed to the solubility of leached layered Si [85]. Also, prolonging the reaction time 
had less effect on the dissolution of Si at 25 ⁰C while the rate of Si dissolution increased with 
the progress of reaction at 60 ⁰C. 
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Fig. 4-9 Elemental dissolution of clay fraction of red mud at 25 ⁰C with increasing time using 
DFO-B as a complexing agent at pH 7.3, 9 and 11 a) 5 min, b) 9 h, c) 29 h and d) enlarged Fe 
elemental dissolution.  
Chapter 4 
112 
  
 
Fig. 4-10 Elemental dissolution of clay fraction of red mud at 60 ⁰C with increasing time 
using DFO-B as a complexing agent at pH 7.3, 9 and 11 a) 5 min, b) 9 h c) 29 h and d) 
enlarged Fe elemental dissolution. 
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4.4 Conclusions 
Using the sodium citrate-bicarbonate-dithionite treatment, Fe showed the highest 
dissolution rate with a complete dissolution of haematite while significant amount of goethite 
could still be detected from the XRD results indicating high Al substitution for FeOOH. A 
complete dissolution of Ca was achieved after the first CBD cycle which was evident by the 
complete removal of calcite while the phosphorous bound Fe showed a stepwise dissolution. 
The low dissolution rate of Zn towards CBD treatment might be due to the operating pH 
value, while Si showed the highest resistance among all the elements studied. Complete 
dissolution of Fe, Ca and Mg after the fifth cycle resulted in a clear morphology of DSP 
particles. Successive CBD treatment (5
th
 cycle) of the clay fraction of red mud, an increment 
of approximately 83 % (from 12 to 22 %) in the DSP content was achieved, indicating the 
effectiveness of the dissolution method adopted. 
Prior ultrasonication of unclassified red mud led to loosening of available minerals on 
the surface of red mud, in which three times extractable Al was attained as compared with 
CBD without pre-treatment. Using the ultrasonically assisted CBD treatment, twice 
extractable Cr and Fe after the first cycle while about 6 times extractable Si was achieved 
within the first cycle.  
In the treatment of the clay fraction of red mud using the chelating agent, Fe showed 
the least dissolution while Si and Al showed greater affinity for the complexing agent. At all 
temperatures and pH studied, the highest rate of dissolution was noticed with Si which might 
be attributable to the high solubility of surface coated Si on the clay fraction of red mud in the 
presence of the chelating agent.  
Irrespective of the temperature and pH, sodium citrate bicarbonate dithionite (CBD) 
showed a much greater potential for dissolving the iron coating to recover DSP in red mud 
clay fraction than the ligand promoted dissolution (DFOB). 
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5 Chapter 5 Investigation of floatation behaviour of DSP, Haematite and Goethite 
using ionic surfactants 
5.1 Introduction 
Industries are confronted with the challenge of beneficiating high quality minerals 
from existing natural ore resources due to world’s growing demand. Copper, aluminium and 
zinc are a few examples of metal minerals showing a several digit growth since the beginning 
of the last century [1]. This growth was somewhat dampened due to the global economic 
recession in the period of 2008-9, however continue to improve lately as per the latest figures 
issued by United States Geological Survey (USGS) [2]. Bauxite is the starting material for 
Alumina which has increased from a modest 88 kilo tons in 1900 [3] to a mammoth 263 
million tons in 2012 [2]. This is nearly a 3000 times growth in demand for a time span of just 
over a century. Hence, it can be understood that a greater pressure is exerted on the world’s 
diminishing bauxite resources resulting in intense investigation into beneficiating quality 
products from existing ores [4, 5]. A peculiar phenomena confined to alumina industry is the 
amount of red mud generated per ton of alumina produced, which is a much larger amount of 
by-product in comparison to other industries, as the ratio of red mud to alumina can range 
from 1-2 MT [6, 7]. Therefore, it is not surprising to fathom a quantity of approximately 3 
trillion tons of red mud is stagnated in various locations as per the latest global inventory 
estimates and is growing at an annual rate of 120 million tons [8]. Considering the enormity 
of the red mud generated globally, it is natural to search means of reusing and recovery any 
valuable minerals present in red mud [9-13]. These reuse and recovery methods are classified 
based on the functional application of red mud such as metal recovery, construction, 
commercial products, agricultural and waste treatment [12]. However, none of these methods 
have found any commercial success in properly utilising red mud as a long term solution. 
Thus, much attention is revolved around seeking new possibilities of recovering mineral 
values trapped within red mud.  
Surfactants are amphipathic molecules that consist of a non-polar hydrophobic 
portion, usually a straight or branched hydrocarbon or fluorocarbon chain containing 8-18 
carbon atoms, which is attached to a hydrophilic portion. Based on the nature of the 
hydrophilic portion the surfactants are mainly categorized into ionic, non-ionic and 
zwitterionic surfactants [14, 15]. These surfactants are used either in mixed systems as well 
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as individual surfactants to assist in material processing [16]. Among these various categories 
of surfactants, ionic surfactants are extensively studied in literature due to their ability to 
readily adsorb on to the minerals surfaces due to electrostatic attraction [17, 18]. 
Furthermore, the surfactant concentration required for electrostatic adsorption is relatively 
low compared to other means of surfactant adsorption [18]. Surfactants play a key role in a 
number of fields including ore beneficiation due to their ability to modify hydrophobicity, 
surface charge, and other key properties upon surfactant adsorption [1, 15, 16, 19]. These 
important surface chemical properties govern interfacial processes such as 
flocculation/dispersion, flotation, wetting and adsolubilization, detergency, enhanced oil 
recovery, and corrosion inhibition [15, 16, 19-23]. Therefore, it is appropriate to 
fundamentally study the behaviour of key minerals of red mud with ionic surfactants. Use of 
ionic surfactants will subsequently influence the recovery of minerals in red mud. Selective 
flocculation, density medium separation, magnetic separation, froth floatation, calcinations, 
acid leaching are some of the commonly used beneficiating techniques used in mineral 
processing industries [1, 21, 24, 25]. Out of these techniques, floatation is considered to be 
one of the most attractive methods to industrialists since it was first patented in 1906 [1, 25].  
Over the years, floatation has been undoubtedly an extremely important and a 
versatile mineral processing technique. Both its use and application are continually being 
expanded to treat greater tonnages [1]. Furthermore, flotation has been used to recover 
valuable products from industrial waste streams or by products too [26, 27]. This wide spread 
use of froth floatation is much attributed to the highly selective nature of froth floatation 
where the recovery of minerals of interest can be increased through utilisation of surfactants 
[1, 28]. The material under investigation is red mud, having a mixture of minerals in the 
micron to sub micron range. The minerals of red mud which are focused in this study are 
DSP, Haematite and Goethite. DSP is the mineral to be separated in terms of the overall 
project objective whereas, haematite and Goethite are the most abundant major iron oxide 
compounds in red mud which constitute to more than 50% in red mud [29]. Floatation of 
haematite, goethite and their mixtures with oleate as anionic surfactant has been studied over 
a wide range of pH values and found out that a maximum recovery occurs at a specific pH 
near neutral values [30-33]. Morgan et al. [34] attributed the low adsorption density of oleate 
on haematite  to two point oleate or oleate-oleic acid ionomolecular complex. The authors 
also reported that a low adsorption density (1%) is required to impart sufficient 
hydrophobicity to improve the floatation recovery of haematite. In the case cationic 
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surfactants, in order for an improved floatation to be observed, haematite surface needs to be 
negatively charged and a relatively high concentrations of collectors needs to be used [35-
38]. Akdemir [39] obtained a floatation recovery of ~ 94.5% for haematite with a cationic 
surfactant at pH 9. It was found that hematite could be floated using dodecylamine even at 
highly acidic pH (0.8 - 2.0) when HCl or H2SO4 were used as acids [40]. In contrast to iron 
oxide minerals, for the floatation of silicate minerals such as illite, pyrophyllite and kaolinite, 
cationic surfactants are mainly used [41, 42]. Ma et al. [41] investigated the floatation 
behaviour of kaolinite in a wide range of pH (3.5-10) using ether monoamine as the cationic 
surfactant. The authors observed increased recovery of 80-100% irrespective of the pH when 
di-amine collectors were used at higher ionic strength. A clear separation between haematite 
and quartz was observed when hexylamine acetate (HAA) and dodecylamine acetate (DAA) 
was used as collectors [43]. They found out that a complete flotation of quartz and hematite 
required a surface coverage (θ) of DAA of about 100% at pH 9.8, while complete flotation of 
quartz took place at θ ~ 10% with HAA.  
Based on the above literature search, it is clear there is no published literature on the 
floatation behaviour of major minerals in red mud, particularly DSP, which is an 
aluminosilicate zeolite mineral in red mud. Removal of DSP in red mud is the key to 
reducing the high alkalinity and sodacity of red mud, which opens major avenues to 
subsequent processes such as sodium recovery, minimising the huge red mud storage costs 
and red mud rehabilitation issues.  Herein, we propose a comprehensive study of floatation 
behaviour of haematite, goethite and DSP using various ionic surfactants as collectors. The 
synthesised minerals were carefully chosen to represent the minerals found in Bauxite residue 
deposits areas containing colossal amounts of waste from alumina industry. DSP, haematite, 
goethite floatation have been investigated with the use of ionic surfactants, namely CTAB 
and Pottasium Oleate. For comparison, the floatation behaviour without any collector was 
performed for all three minerals in the pH range of 7.5 to 11.5. The floatation behaviour was 
explained using surface charge as the property which induced the collector adsorption on 
mineral surfaces. Minerals were characterised using X-ray diffraction (XRD), Fourier 
transformed infrared spectroscopy (FTIR), Zeta potential and titration technique for surface 
charge density measurements.  
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5.2 Methods and Materials 
In this chapter, synthesized DSP, purchased haematite and goethite will be separately 
used for floatation tests for the purpose of clearly understanding the floatation behaviour of 
these minerals with cationic and anionic collectors, thus laying a foundation for next chapter. 
The real red mud will be used for the floatation tests in next chapter to observe its behaviour 
with same collectors in terms of DSP recovery. 
5.2.1 Materials 
The DSP used for this study was synthesised using a hydrothermal process and the 
details of synthesis can be found in chapter 4. Haematite (Bayferrox® 160) and Goethite 
(Minox
®
 Yellow F1770) used were purchased from Lanxess pty ltd. The purity of the 
minerals as per the supplier specification was 96-97% of Fe as Fe2O3 and less than 4 % as 
SiO2 and Al2O3 in Haematite and the Fe contents as Fe2O3 was 86% with SiO2 and Al2O3 was 
0.6% in Goethite. Although the purity of Haematite and Goethite does not represent 
laboratory grade specification it would be much closer to the minerals found in red mud 
which would likely to deviate from laboratory grade minerals. Hexa 
decyltrimethylammonium bromide (CTAB), Potassium Oleate (K-Oleate) and 4-Methyl-2-
Pentanol (MIBC) were used as the cationic collector, anionic collector and frother, 
respectively from Sigma Aldrich®. The required concentrations of the collectors and the 
frother were prepared from AR grade solutions.  
5.2.2 Characterisation of minerals 
Particle size distribution of mineral particles suspended in water in which floatation 
experiments to be carried out was measured by laser diffraction using Malvern® 
Mastersizer® 2000. The refractive indices (RI) of DSP, Haematite and Goethite were 
selected as 1.52, 2.94 and 2.2, respectively. Dispersant medium used for the analysis was 
water with a RI of 1.33. RI values of minerals and dispersant were selected from Malvern® 
Mastersizer® database, except to that of DSP which was assumed to be approximated to a 
default white colour powder particles. Laser obscuration was maintained between 10—20% 
as the standard procedure for all measurement. The temperature in the lab was in controlled 
conditions with 25±2 ⁰C. A general purpose analysis mode was selected for the particle size 
determination. The accessory used for circulation of suspension through the particle size 
measurement cell was Hydro® 2000 MU®. 
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Crystallographic compositions of minerals were measured using XRD (X-Ray 
Diffraction). Equipment used for XRD was Rigaku® miniflex® mark I diffractometer with 
Co Kα radiation at a scan speed of  °/min on a low background sample holder. Step size 
selected 0.02° and the scan range was 10°-50°.Samples were ground using agar mortar and 
pestle for 10- 15 min.  
JOEL® JSM® 6610 was used for the SEM (Scanning Electron Microscopy) study of 
mineral particles. All samples presented in this study with are coated with carbon using a 
JEOL® JEE®-4x carbon coater. Samples were mounted on 12.5 mm diameter Al stubs with 
double sided tape carbon. Oxford® instrument’s Inca® software (Version 5.04) was used for 
the (Energy Dispersive Spectroscopy) EDS analysis. X-ray detector used for EDS analysis 
was fitted with SDD (Silicon Drift Detector) type detector with a size of 50 mm
2
.  
The surface area measurements and the pore volume were determined using N2 
physisorption isotherms of the samples obtained using Micromeritics ®TriStar® 3020 at -196 
⁰C (77 K). The samples were degassed at 120 ⁰C for 24 h using Micromeritics ®VacPrep® 
061 before the measurement. The corresponding specific surface areas (Sg) were calculated 
using by the Brunauer-Emmett-Teller (BET) equation at the relative pressure (P/P
ø
) between 
0.05 and 0.35.  
Attenuated Total Reflectance Infrared spectroscopy (ATR) was used to characterize 
the surface species on the DSP particles treated. Samples were ground to less than 5 μm using 
agar mortar and pestle and prepared in the same method as used for the micro-flotation tests. 
The spectrum was obtained using an ATR accessory (Perkin Elmer spectrometer, Spectrum 
100, USA) with a diamond crystal, and presented without any baseline correction. 
5.2.3 Surface charge measurements 
5.2.3.1 Surface charge density measurement of goethite and haematite 
A titration method was used to determine the surface charge of goethite and haematite 
over a range of pH values. As explained previously goethite and haematite are the major 
contributors of red mud. Hence it was decided to investigate the surface charge of haemetite 
and goethite. A jacketed glass beaker was used to maintain the temperature in a constant 
value during the process of surface charge measurement. A magnetic stirrer was used to 
ensure the localised effects of pH and temperature measurements were minimised. The stirrer 
setting was set constant throughout all the experiments. Three concentrations (0.01 M, 0.1 M 
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and 0.3 M) of NaNO3 were used as the indifferent background electrolyte solution. Firstly, 
the titration was conducted using 200 ml of blank solution of NaNO3 to a desired pH value. 
Prior to commencement of titration the solution was purged with N2 for 15 h to expel any 
dissolved CO2 which will affect accurate measurement of pH value. After about 15 h a stable 
pH was observed which was considered as the initial pH value. Then the blank solution was 
titrated to the desired pH values (acidic pH=3.5 and Basic pH=11). For acid and base 
titrations 0.01 M HCl and 0.01 M NaOH was used, respectively. This procedure was repeated 
with 1 g of haematite and goethite in each of the electrolyte solutions stated above. 
Metrohm® 842 Titrando® titration unit was used for controlling the titration experiments. 
Tiamo® version 1.0 was used to setup the methods and control the titration unit. All the 
titration experiments were conducted at the temperature of 25±2 ⁰C using a chiller water bath 
(WiseCircu® Model WCR-P8). A schematic representation of the experimental arrangement 
is presented in Fig. 5-1.  
 
Fig. 5-1 Schematic diagram of the experimental set up of custom made jacketed water 
bath connected to N2 purging and Metrohm® titration unit 
5.2.3.2 Noh and Schwartz’s method for determination of point of zero charge of Goethite 
Since conclusive evidence on PZC was not achieved using only the titration method 
for Goethite, another method as suggested by Noh and Schwarz [44] was used for the 
verification of PZC. The brief procedure is as follows. Firstly, 0.1 M NaNO3 solution was 
prepared as the background electrolyte and the pH values of the solution were adjusted by 
dropping HCl or NaOH to 4, 5 and 7, respectively. For each goethite sample, 21 vials of 20 
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ml capacity were used and seven bottles were filled with 5 ml of NaNO3 solution of each 
initial pH value and different amounts of goethite (0.4 wt.%, 1.0 wt.%, 2.0 wt.%, 5.0 wt.%, 
10.0 wt.%, 15.0 wt % and 20.0 wt.%) relative to the solution were dispersed. The bottles 
were sealed under nitrogen purging with 62 ml/min for 10 min. This step was required to 
minimize the effect of dissolution of atmospheric CO2. The sealed vials were kept in an end 
on end shaker water bath (Julabo® SW22) maintained at 25 ±1 ⁰C prior to measuring the 
final pH. N2 purging was used during the measurement of the final pH also until a constant 
pH was recorded. The measurements were taken at constant temp conditions of 25 ±1 ⁰C. 
The plot of the equilibrium pH values versus mass fractions, pH vs wt.%, show a curve with a 
plateau and the PZC is identified as the point at which an asymptote is observed. 
5.2.3.3 Zeta potential measurements of DSP 
Zeta potential measurements were carried out in Malvern® Zetasizer® nano ZS® 
before and after CTAB treatment. The pH adjustment was done using 0.1 M HCl externally. 
Folded capillary zeta potential measurement cells (DTS 1061, Malvern® Instruments) were 
used for Zeta potential determination. 0.01 M NaNO3 was used as the background electrolyte 
solution in all determinations. DSP samples were ground using an agar mortar and pestle 
before adding 50 mg of ground sample to a 100 ml beaker. Then 80 ml of distilled water was 
added to the beaker followed by adjusting the pH to desired pH values. The DTS 1061 cell 
was rinsed with ethanol (95%), DI water, and sample dispersant (DSP suspended in NaNO3 
solution) was adopted as the standard procedure during measurements. Since pH change over 
time with DSP the pH was rechecked and adjusted prior to making the zeta potential 
measurements. The results presented are the averaged values of three measurements and the 
error bar indicates the standard deviation of 3 measurements.  
5.2.4 Mirofloatation experiments 
Floatation experiments were conducted using a small floatation cell built by UQ glass 
with a glass frit of porosity 4. The concept for the design was adopted from a design 
explained in a previous study for floatation of fine materials including particles as small as 40 
nm [45]. In each of the floatation experiments 1 g of respective minerals were soaked in 100 
ml of DI water for ~ 24h, prior adjusting the pH to desired values. Once the desired pH was 
achieved, collectors used were 1*10
-4
 M CTAB and 3*10
-5 
M K-Oleate as cationic and 
anionic surfactant respectively. Collector conditioning time was used as 20 min which was 
selected as sufficient conditioning time based on previous studies where a minimum of 3 min 
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and a max of 30 mins were used as conditioning times [30, 42, 46]. Once collector 
conditioning was completed 1 ml of MIBC was used as received from Sigma Aldrich® for a 
further period of 5 mins which was added as a frothing agent. pH were maintained at desired 
values using 0.1 M HCl and 0.1 M NaOH within 0.1 pH points tolerance using 842 titrando® 
dosing unit controlled via Tiamo® 1.0 v software. Samples were floated for total of 3 min at 
flow rates of 236 ml/min and 118 ml/min for 1 and 2 mins, respectively. The higher flow rate 
was adopted for the initial frothing process. N2 gas with purity of 4.0 was used as the aeration 
medium. Samples were collected as the froth section using a 10 ml syringe at regular 
intervals by extracting the fraction reported to the top during the total 3 min time interval of 
floatation. The fraction that did not report to the froth was classified as tailings. Tailings were 
transferred to a different beaker and both fractions containing froth and tailings sections were 
dried in an oven at 105 °C. Once the weight become constant, usually after 24 hours of 
drying, the beakers were weighed with the sample and the empty beaker was weighed. The 
weights of the froth and tailings fraction were determined by subtracting the beaker with the 
sample and empty beaker. All the floatation recovery experiments carried out were repeated 
and found to be within the range of ± 2 %. 
5.3 Results and discussion 
5.3.1 Characterisations of synthesized DSP, haematite, goethite and DSP 
In order to clearly understand the three minerals under consideration, the results of 
characterisation of DSP, Haematite and Goethite used in the present study are explained in 
this section. The N2 adsorption-desorption isotherms at 77K are shown in Fig. 5-2 for 
synthesised DSP, haematite and goethite. All three minerals shows isotherm of type IV 
classification for N2 adsorption-desorption curves, with a H1 hysteresis loop in the relative 
pressure range from ~0.7-0.98 for DSP. DSP exhibited the highest specific surface area 
(SSA) of ~16.98 m
2
/g, while the lowest SSA was measured for haematite with a value of 
~5.47 m
2
/g. Goethite showed a comparable SSA to that of DSP. Pore diameters for three 
minerals recorded a value between 15.3-26.9 nm (Table 5-1).  
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Fig. 5-2 N2 adsorption–desorption isotherms at 77K of synthesised DSP, haematite and 
goethite 
 
Table 5-1 Specific surface area, pore volume and pore area data for DSP, haematite and 
goethite 
Minerals Specific Surface Area 
Measurement (m²/g) 
Specific Pore 
Volume (cm
3
/g) 
Pore diameter (nm) 
DSP 16.98 0.097 26.94 
Hematite 5.47 0.019 18.23 
Goethite 15.94 0.049 15.33 
 
The XRD spectra of the three minerals used in the study is presented in Fig. 5-3. The 
major peaks of goethite XRD spectrum displayed at 2θ values of  4.6 , 4 . , and 3 .77⁰ 
correspond to (110), (111) and (130) phases which were closely matching with the standard 
Powder Diffraction File (PDF) no 81-0462 for goethite issued by International Centre for 
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Diffraction Data (ICDD). Haematite displayed major peaks at 2θ values of 3 .70, 41.61 and 
47.81⁰ correspond to (104), (110) and (113) phases which closely agreed with the ICDD-PDF 
no 02-0919 for haematite. Similarly, XRD spectrum of synthesized DSP demonstrated major 
peaks at  θ values of   .1 , 40.16 and 49. 3⁰ which correspond to (211), (220) and (330) 
phases (ICDD-PDF 74-1736). ICDD-PDF 74-1736 is Nosean which is a form of SO4
2-
 
containing DSP, the most common form of DSP found in Western Australian red mud [47]. 
Therefore, it can be concluded that the minerals used in the study closely represents 
haematite, goethite and DSP, crystallographically.  
 
Fig. 5-3 XRD spectra of Goethite, Haematite and DSP used in this study  
The SEM micrographs shown in Fig. 5-4 illustrate the morphology of the DSP, 
haematite and goethite. The morphology of synthesised DSP and DSP found in real red mud 
is presented in Fig. 5-4a and b, respectively. The synthesized DSP may not show the exact 
spherical knitting wool ball morphology of red mud, it is showing a very close match to that 
of DSP found in red mud. Ho et al. [48] has also reported a similar morphology for DSP 
found from a different alumina refinery from Western Australia. Therefore it can be 
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considered as reliable match for demonstrating a close representation of DSP found in red 
mud. The observed particle size of the synthesized DSP was approximately 1-3 µm which 
was a close match to that of the DSP found in actual red mud. Morphology of haematite is 
presented in Fig. 5-4c showing the plate like appearance and irregularly shaped. The varying 
irregularly shaped plately morphology is characteristic to haematite [49]. Moreover, this 
sample is purchased from a commercial operation and the variation of morphologies in such 
large scale is anticipated. Fig. 5-4d shows the general morphology of goethite with the 
characteristic acicular morphology [49].  
 
 
The elemental analysis of synthesised DSP, DSP from red mud, haematite and 
goethite using EDS are shown from Fig.5-5 to Fig. 5-8. In order for the consistency of 
explanation and understanding, the same SEM images shown in Fig. 5-4 are used for EDS 
analysis for all minerals. The spot analysis of randomly selected positions on synthesised 
DSP particles are shown in Fig.5-5a, which presents the spots as Spec1 to Spec3. The results 
(a) (b) 
(c) (d) 
Fig. 5-4 SEM micrographs of (a) synthesized DSP, (b) DSP from red mud, (c) 
Haematite and (d) Goethite used in the study. 
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of the corresponding spots are shown in Fig. 5-4b for elemental O, Na, Al, Si and S for 
respective locations.  
 
 
 
Elemental analysis of a typical DSP particle found in red mud is presented in Fig. 5-6. 
The elemental analysis is shown in the table adjacent (Fig. 5-6b) to the red mud particle from 
DSP (Fig. 5-6a). Although there are a number of elements in DSP found in red mud which 
are not in the synthesised DSP, the ratio of Al: Si: S shows a close match to that of 
synthesised DSP. Ca, Ti, and Fe are all arising from the attachments of impurity minerals 
present in red mud such as calcite, anatase and iron oxides (such as goethite, haematite and it 
alumina substituted minerals), respectively. Therefore, the most important elements in terms 
of DSP are Al, Si, Na, and S as the theoretical formula of most commonly found DSP in 
Western Australian red mud [47], Nosean is Na8Al6Si6O24SO4 [50]. The elemental Na of DSP 
found in red mud is slightly lower than that of synthesized DSP. This variation can be 
attributed to two possible reasons. Firstly, it can be due to the sample complexity and 
heterogeneity of red mud where slight variations of elemental compositions are observed 
from specific particles based on previous experience. Secondly, the additional water used in 
size classification to concentrate DSP in the finer size fraction of the red mud may have 
removed some surface Na and some Na from the DSP cage, due to the ion exchange taking 
place with H3O
+
 (hydronium) ions in water [51].  
 
  
+Spec 1 _D +Spec 2_D 
+Spec 3_D 
(a) (b) 
Fig.5-5 SEM image of synthesised DSP (a) and EDS spot analysis of synthesized DSP (b) 
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The elemental analysis of haematite using EDS is shown in Fig. 5-7. The spot analysis 
of randomly selected positions on haematite particles are shown in Fig. 5-7a, which presents 
the spots as Spec1 to Spec5. The results of the corresponding spots are shown in Fig. 5-7b for 
elemental O, Si and Fe for respective locations. The calculated average Fe and Si atomic % 
based on the EDS spot analysis are 26.1% and 1.27% with a standard deviation of 2.63 % and 
0.18 %, respectively.  
 
 
The elemental analysis of goethite using EDS analysis is shown in Fig. 5-8. The spot 
analysis of randomly selected positions on goethite particles are shown in Fig. 5-8a, which 
presents the spots as Spec1 to Spec5. The results of the corresponding spots are shown in Fig. 
5-8b for elemental O, Si and Fe for respective locations. The calculated average of Fe and Si 
atomic % based on the EDS spot analysis are 20.73 % and 0.92 % with a standard deviation 
of 2.85 % and 0.30 %, respectively.  
+Spec 1 _H 
+Spec 2_H 
+Spec 3_H 
+Spec 4_H 
+Spec 5_H 
(a) (b) 
+Spec 1 _H 
(a) (b) 
Fig. 5-6 SEM image of a typical DSP particle found in red mud (a) and the Elemental 
EDS spot analysis (b)  
Fig. 5-7 SEM image of haematite (a) and EDS spot analysis of haematite (b) 
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The Particle Size Distribution (PSD) of the three minerals suspended individually in 
water is shown in Fig. 5-9, with volume median diameter values (D (0.5)) of 1.1, 3.4 and 8.0 
µm for haematite, goethite and DSP, respectively. It is evident from Fig. 5-9 that PSDs 
spanned from 0.3-4 µm and 0.8-11 µm was observed for haematite and goethite, respectively. 
DSP particle size distribution spanned from 0.4 µm to 30 µm with a slightly skewed 
distribution below 2 µm suggesting there may have been a minimal amount of finer DSP 
particles below this range in the synthesised DSP samples used in this present study.  
+Spec1_G 
+Spec 2_G 
+Spec 3_G 
+Spec 4_G +Spec 5_G 
a (b) 
Fig. 5-8 SEM image of goethite (a) and EDS spot analysis of goethite (b) 
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Fig. 5-9 Malvern® Master sizer® measurement of Haematite (□), Goethite (○) and 
DSP (∆) used for the study 
5.3.2 Floatation experiments 
5.3.2.1 DSP floatation experiments 
Collectors are surfactants that change the hydrophobicity and hydrophilicity of 
minerals. The surface charge on minerals plays a fundamental role especially in non sulphide 
mineral floatation. The most common form of collector mineral interaction in nonsuphide 
systems are ionic surfactant and mineral attraction due to electrostatic attraction of an 
oppositely charged species by the mineral [21, 28]. DSP being a non sulphide mineral it is 
important to understand the floatation behaviour of it without and with ionic surfactants. 
Although there has been a number of floatation studies conducted with silica [45], silicates 
and aluminosilicate minerals [42, 52, 53], there is no previously available floatation research 
using DSP. Floatation behaviour of DSP with and without any collector is shown in Fig. 
5-10. The presented figure shows DSP without any surfactant and with the MIBC as a frother 
(Fig. 5-10a). MIBC was specifically selected for the frothing process because it is a frother 
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which has minimal surface activity on minerals among the most commonly used frothers in 
industrial applications [54]. Moreover, it has experimentally proven that the effect of MIBC 
on floatation especially for alumina silicate materials such as kaolinite is minimal [41]. Due 
to the minimal surface activity of MIBC, the observed floatation can be understood as a direct 
influence of the collector and not that of the frother. A gradual increase of the DSP collected 
to the froth fraction is observed in the absence of any collector. This observation is in 
agreement with the studies done by researches using silicate minerals such as illite, 
pyrophilite and Kaolinite [55, 56]. Since Illite, pyrophilite and Kaolinite belongs to the class 
of aluminosilicate minerals, it is likely that similar floatation behaviour is observed with 
DSP, which is also an aluminosilicate mineral.  
As depicted in Fig. 5-10b a remarkable increase of the DSP reported to the froth 
section is seen with CTAB as a collector. This is a very positive sign, where CTAB can be 
considered as a favourable collector for the recovery of DSP. As can be seen in Fig. 5-10b 
there is a variation of the amount of DSP recovered to the top with increasing pH values. pH 
is a master variable in changing the flotation recovery as many factors would depend on the 
solution pH [57]. The most influential factors of pH include the degree to which mineral 
ionisations occur in terms of the magnitude and the sign [28] and the hydrolysis of the 
surfactants [58] used. Especially in the case of oxide minerals the principal potential 
determining ions are H3O
+
 (hydronium) and OH
-
 (hydroxyl) ions [28, 59, 60], resulting in the 
pH dependency of the medium in which minerals are suspended. The highest recovery of ~ 
96% was observed at pH 11 while the lowest of ~ 88% was in the pH range of 8-10. Zhao et 
al. [42] has also observed a similar behaviour where the highest recovery of silicate mineral 
floatation with quaternary ammonium salt surfactants such as CTAB has the highest recovery 
of illite, kaolinite and pyrophyllite in pH region 10-12. Floatation recovery of ~88% was 
observed within the pH range 8.5 to 10. However, an increased recovery of DSP is observed 
at either end being ~96% and ~92% at pH 11 and pH 7.5, respectively. The observation of 
highest recovery at pH 11 can be attributed to large negative surface charge due to the 
increase of OH
-
 surrounding the colloidal surface of DSP. It is important to point out that 
high recovery observed at pH 7.5 is not surprising as it is consistent with the observation 
made by Zhao et al. [42] when CTAB was used as a collector for floatation of pyrophilite 
mineral. The general trend of recovery above 88% is very promising in terms of recovering 
DSP to the froth fraction from the pulp. By comparing the floatation results without any 
Chapter 5 
138 
  
collector and with CTAB as a collector it can clearly be understood that DSP is a naturally 
hydrophilic mineral which can easily converted to hydrophobic by using a cationic surfactant.  
Based on the discussion so far, it is clearly evident that CTAB is a favourable 
collector to increase the DSP floatation recovery. However, in order to clearly understand the 
behaviour of DSP with ionic surfactant it is equally important to investigate the floatation 
behaviour of DSP with an anionic surfactant. For a comparative study, K-Oleate is used as 
the preferred anionic surfactant since K-Oleate is highly selective for iron oxide minerals. 
This is important since iron oxides are abundant in red mud with DSP which will also play a 
pivotal role in terms of the overall project objective. The results of DSP floatation with K-
Oleate is presented in Fig. 5-10c. In contrast to CTAB it is anticipated that DSP would have 
much lower floatation recovery when an anionic surfactant is used because of the net 
electrical negativity of DSP. The net electrical negativity of -1 in DSP arise from Al
3+
 
substitutions in DSP cage in the alternating Si-O-T units. (Al2O3 to SiO2 ratio is 1:1 in DSP 
cage) [61] . However, surprisingly, the use of K-Oleate is better than floatation recovery 
without any surfactant. Therefore, it can be perceived that some part of the DSP surface has 
an element of positive charge. Related precedents have reported that even in clay lattice 
having naturally negatively charged sheets, there may be positive edges [62]. This may be a 
possible explanation for the increased floatation behaviour with K-Oleate in comparison to 
the one without any collector. It can be seen by analysing the trend of DSP floatation with K-
Oleate that highest recovery is reported at pH 7.5 and the recovery decreased to ~ 35% after 
pH 8.5 onwards. Previous studies [12] have shown that DSP structure collapse below pH 7.5 
which was a main reason why the floatation study was restricted to the pH value of 7.5 and 
more basic pH values for DSP. In order to collapse the DSP structure the first step is 
hydrolysis[12], which may be a hint on H
+
 being adsorbed onto DSP surface. Hence, it can be 
possible to observe an increased adsorption of the anionic surfactant on DSP due to the H
+
 
ions beginning to adsorb on DSP at this critical pH value. Therefore, it is possible that both of 
these possible explanations of isolated positive charge sites on net negatively charged DSP 
surface and the beginning of H
+
 being adsorbed as DSP begins to hydrolyse possibly causing 
the increased floatation recovery at pH 7.5 with K-Oleate as the collector.  
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Fig. 5-10 Flotation recovery results of DSP with and without collector (CTAB (●), K-
Oleate (▲) and without collector (■)) 
5.3.2.2 Haematite floatation experiments 
DSP in red mud is masked by impurity minerals present in red mud[48]. Since 
majority of other minerals in red mud is represented by iron oxides it is equally important to 
understand the behaviour of these iron oxide minerals in various floatation conditions. The 
most prominent forms of iron oxides found in red mud as revealed in chapters 3 and 4 are 
haematite and goethite. The similar conditions that were used for the DSP floatation is used 
to keep the conditions consistent for comparison purposes. However, an additional pH point 
was studied to expand the pH range because the dissolution of haematite during floatation 
was not a problem at pH 6. The floatation experiments of haematite without any collector is 
presented in Fig. 5-11a, where the amount of haematite reported to the froth fraction is 25% 
or less in most cases except at pH value of 6.0 recording a recovery of 30%.  The lower 
floatation recovery values recorded for haematite can be attributed to the natural 
hydrophilicity of haematite. Because only hydrophobic surfaces would satisfy fundamental 
requirement to create the mineral bubble attachment in order to bring the mineral to the froth 
fraction [1, 58]. Even a recovery of 25% of Haematite reported to the froth fraction may be 
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due to the hydrodynamic effects of moving upwards due to the fine sized particle size of the 
material. Therefore, the volume median diameter of the PSD of haematite which was 
measured by Mastersizer® (Fig. 5-9) as ~1 µm in the pulp may have been a contributing 
factor. Furthermore, the glass frit used in the floatation cell had a porosity of 4 suggesting the 
bubbles generated are significantly smaller. It is well known that floatation recovery can 
greatly be increased by reducing the bubble size used in the floatation cell [63, 64]. It has 
previously been observed that the reducing haematite particle size is responsible for increased 
floatation efficiency [65]. Furthermore, MIBC may also have some influence on haematite 
recovery without any collector as oxide minerals are known to show some hydrophobicity 
with in the presence of alcohols. 
Floatation behaviour of haematite with CTAB as a collector is shown in Fig. 5-11b. It 
is clearly evident that haematite is made remarkably hydrophobic with the introduction of 
CTAB as a cationic collector. It is evident that nearly all the haematite from the pulp made its 
way to the froth section due to increased recovery of haematite except at pH 6 in which 
recovery was only 80%. pH value at which charge reversal takes place (PZC) is responsible 
for the reduction of floatation recovery. It has previously been reported that significant 
reduction of haematite recovery is observed below pH 7 with cationic collectors due to the 
charge reversal on haematite surface [66].  The consistently higher recovery of haematite 
floated to the froth fraction above pH 7.5 indicates that haematite surface was strongly 
negatively charged due to the hydroxyl charge cloud surrounding haematite particles. With 
some cationic surfactants at very basic pH values (above 10) a reduction in recovery is 
mostly observed due to surfactant being hydrolysed [43]. However, since CTAB belongs to a 
class quaternary ammonium salt, it remains stable in both acid and alkaline medium of pH 
range of 0-14 [58]. Therefore, the observed consistently higher recovery can be attributed to 
the stability of CTAB over a wide range of pH.  
Generally, it is accepted that fatty acids are highly selective for haematite floatation, 
among which oletes are much superior [30]. Therefore, an anticipated increased recovery is 
meant to be observed with haematite floatation with K-Oleate as a collector. A floatation 
recovery between ~40-55% is observed throughout the pH values studied except at pH 8 
which recorded a floatation recovery of ~60%. Kulkarni et al. [30] observed ~ 100% recovery 
between pH 7 and 8 when oleate was used as a collector for flotation recovery. Although we 
observed the highest recovery within the similar pH range, a much lower recovery was 
noticed in our own case. This deviation can easily be understood due to the presence of Si on 
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the haematite surface used in the present study as compared to the HCl treated haematite used 
by the previous researchers. Although same haematite was used for floatation with CTAB as 
a collector, CTAB is preferentially adsorbed to silica surfaces on floatation studies. This is a 
possible explanation for the negligible effect it had on the floatation experiments with CTAB 
and haematite.  
 
Fig. 5-11 Flotation recovery results of haematite with and without collector (CTAB (●), 
K-Oleate (▲) and without collector (■)) 
5.3.2.3 Goethite floatation experiments 
The third key mineral in investigation in this chapter is goethite. Similar to the other 
two minerals goethite has also been subjected to floatation without any collector, with ionic 
surfactants namely, CTAB and K-Oleate. pH is the most influential variable in separation of 
mineral through floatation using cationic and anionic collectors [67]. Therefore, it is 
important to understand the floatation behaviour of goethite with varying pH conditions for 
the entire collector conditions studied. Out of the three minerals goethite shows the most 
interesting floatation behaviour when no collector is used. Not only does it record a higher 
recovery considering the full pH range studied, but also showed the highest recovery near pH 
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8.5. This is a fascinating observation because the only influence in this condition without the 
collector can only be recognized as the effect of MIBC which was used as the frother. A 
similar observation of increased floatation recovery was observed by a previous researcher 
when ethanol was used to aid the frothing process around pH 7 [67]. Interestingly, the authors 
noticed an increase in the overall floatation behaviour of goethite with the highest recovery at 
pH 7, comparable to the results observed in the present study. Therefore, it can be understood 
that MIBC may be the influential factor in the overall increase of goethite floatation and the 
increased peak at pH 9 when no collector was introduced to the floatation pulp.  
Use of the cationic surfactant has remarkably increased the floatation recovery of 
goethite as can be seen from Fig. 5-12b. There was a gradual increase of the floatation 
recovery with increasing pH value from 6-11. The strong negative charge of goethite at basic 
pH values may have greatly influenced floatation recovery with the increasing pH values. In 
order to increase the pH value of the solution the concentration of OH
-
 in the solution has to 
be increased [68]. Hence, the increased OH
-
 is likely to consume H
+
 ions from the OH
-
 
hydroxyl groups in goethite resulting in an increased negativity of the goethite surface.   This 
particular phenomenon is possible since atoms can be protonated or de-protonated at the 
surface of (hydr)oxides and in the case of  goethite, atoms can be bonded to one, two or three 
proton ions [69]. Therefore, an increased floatation recovery is anticipated with the cationic 
surfactant which was observed in the experimental results. A sharp increase of the floatation 
recovery was observed from ~ 50% to ~80% within the pH range 8-9. The sudden increase 
might be attributed to lowering of the negative charge density of goethite. This observation is 
quite different to that of haematite which did not show a clear demarcation of the floatation 
recovery at a critical pH value. Hence, it is interesting to note that the charge density 
lowering in various minerals would take different routes depending on the surface impurities 
in each of the minerals. The particle morphology difference may also be a contributing factor.  
Further increase of pH from 9 to 11 has caused more goethite to be recovered in the froth 
fraction when CTAB was used as the collector. Consequently, the maximum recovery of ~ 
95% was observed at pH 11.  
For a comparative study of floatation behaviour of goethite, K-Oleate was used as an 
anionic collector. In contrast to DSP and haematite, goethite shows the highest recovery 
between the pH ranges from 6-10 when K-Oleate was used as a collector (Fig. 5-12c). This 
observation is consistent with Quest [31] work reporting the highest recovery of goethite 
oleate system at neutral pH and a decline on either side of the pH values. Furthermore, it is 
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known that oleate shows pronounced floatation recovery within a specific pH range, which 
drops at strongly acidic and strongly basic pH values. With respect to the exact pH values 
there is no clear demarcation as some researchers have found this to be pH 2 and 11.5 [31], 
while some authors found it within pH 4-10 [70]. The decrease of floatation recovery above 
pH 11 can be attributed to the hydrolysis of oleate and repulsion between the negatively 
charged bubbles and minerals [30]. In case of floatation systems, the conditioning time is also 
another important aspect affecting the floatation recovery. As explained before, a 
conditioning time of 20 min was used throughout all the experiments. The oleate floatation 
with goethite was also done with this standard procedure which may have helped to maintain 
the floatation recovery in the pH range from 6-10. This is in line with the observation made 
by Kulkarni et al. [30], where increased conditioning time favours higher floatation recovery. 
 
Fig. 5-12 Flotation recovery results of Goethite with and without collector (CTAB (●), 
K-Oleate (▲) and without collector (■)) 
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5.3.3 Surface charge measurements of DSP, Haematite and Goethite 
As explained in the introduction the goal of this study was to investigate the floatation 
behaviour of three key minerals of red mud based on the surface charge as a property. Hence, 
it is important to understand the surface charge changes taking place. When a mineral particle 
is placed in a polar medium such as that of water, they naturally exhibit a surface charge on 
the mineral interface due to the imbalance of the ions entering the water-solid surface via the 
solid water interface [71]. Majority of colloidal mineral particles show surface charge due to 
mechanisms of ion adsorption, ion dissolution, lattice imperfections and ionization or 
dissociations [22, 72, 73]. Acid-base titrations are used to measure the surface charge of the 
colloidal mineral particles suspended in aqueous mediums [22, 60, 74]. Clear understanding 
of the relative surface charge on minerals would enable to explain the floatation behaviour of 
them, especially in the case where ionic surfactants are used and the mechanism of 
attachment is electrostatic in nature [16]. Iso-electrical Point (IEP) determination or titration 
technique can be used for measuring the surface charge at varying pH conditions. It will not 
be accurate to use titration technique as a surface charge measurement technique for DSP, 
because DSP is a zeolite material, hence it will have an influence on the pH measurements 
due to ion exchange taking place at DSP-water interface [47, 51, 75]. Therefore, we will have 
to rely on the zeta potential measurement to explain the surfactant adsorption taken place 
between DSP and CTAB.  
5.3.3.1 Zeta potential measurement of DSP 
Fig. 5-13 shows the zeta potential of synthesised DSP with and without CTAB 
conditioning. Zeta potential values presented in the figure are the average values of zeta 
potential measurements over three measurements and the error bar indicates the standard 
deviation of each measurement. It can be seen from the figure that zeta potential decreased, 
while the pH increased from pH 7.5 to pH 10.6. During the whole range of pH values 
measured, DSP has showed a negative zeta potential value. This observation is in agreement 
with the fact that DSP has a permanent negative charge [76], arising from the net negative 
charge on the DSP surface due to the alternating SiO4 and AlO4 tetrahedra forming 
alternating Si-O-T (where T= Si or Al) [61]. In the presence of CTAB, zeta potential shows a 
clear charge reversal due to the positive head groups of the strong cationic surfactant [1] 
CTAB being adsorbed on to the DSP surface. 
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Fig. 5-13 Zeta potential measurement of DSP with and without CTAB (CTAB (○), 
without CTAB(□)) 
FTIR spectra of DSP and DSP conditioned with 0.01 M CTAB surfactant solutions 
which was subsequently washed repeatedly 5 times with deionised water followed by 
filtering using 0.2 µm filter and then dried at 60 °C in an oven for 2 h (Fig. 5-14). In the 
3000-2500 cm-1 region, new bands at 2923 and 2853 cm-1 for DSP conditioned with CTAB is 
visible. These new bands are corresponding to the characteristic CTAB bands due to the 
asymmetric and symmetric stretching vibrations of C—H bond [77, 78]. Therefore, it can be 
understood that after the CTAB treatment it has been adsorbed on to the surface of DSP. 
Moreover, there were no observable shifts in the FTIR spectra of the DSP sample before and 
after CTAB adsorption, indicating that the surfactant adsorption process is electrostatic in 
nature.  
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Fig. 5-14 FTIR spectra of DSP and DSP conditioned with 0.01 M CTAB 
5.3.3.2 Surface Charge Measurement and PZC determination of haematite 
The following equation was used in determining the relative surface charge of 
haematite and goethite based on acid-base titration method reported in literature [22].  
Calculation of relative surface charge 
                        
       
      
 
where e is the charge on an electron, Na is the Avogadro constant (mol
-1
), [C] is the 
electrolyte concentration (mol/L), m is the measured mass of the mineral (g), V is the 
additional amount of acid or base required for the same pH change in the presence of solid 
particles (L) and SSA is the specific surface area (m
2
/g).  
The relative surface charge of haematite is presented in Fig. 5-15, which shows with 
the increasing electrolyte concentration, the relative surface charge is increased on either side 
of the common intersection point (CIP) for haematite. This CIP is considered as the PZC of 
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mineral under consideration [22]. Therefore, the PZC of haematite is at ~ pH 6. This value is 
lower than the reported literature values, which is in the range of 8.7-9.8 [76, 79] . However, 
there have been some studies suggesting that haematite PZC can be lower than the most 
common range closer to pH 7 [30]. The lowering of PZC observed in this present study can 
be attributed to the presence of Si on haematite surface as revealed by the EDS 
characterisation presented in Fig. 5-7. The average atomic % of Si was recorded as 1.27% for 
the haematite particle analysed. Since, the average PZC for SiO2 recorded in literature is in 
the range of pH 2-3.7 [80], therefore in a Si contaminated haematite a PZC value lower than 
pH 8.7-9.8 is possible. Furthermore, PZC of an oxide is affected by its state of hydration, 
structural or adsorbed impurities, heat treatment, etc., hence it is not surprising to find 
variations in the reported values of PZC of haematite [81]. Another important disclosure of 
Fig. 5-15 is the comparatively lower surface charge density at positive surface charge below 
PZC in contrast to the comparatively larger negative surface charge density at pH values 
higher than PZC. This preferential negative charge density would explain the selective 
affinity of haematite for CTAB in floatation experiments at pH values greater than 6.  
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Fig. 5-15 Calculated values of relative surface charge for haematite against pH based on 
the titration measurement method in varying concentration of NaNO3 (0.01 M (■), 0.1 M (●) 
and 0.3 M (▲)) 
5.3.3.3 Surface Charge Measurement and PZC determination of goethite 
Goethite surface charge also have been measured using acid-base titration with 
NaNO3 being used as the indifferent background electrolyte solution. The calculated surface 
charge densities vs. pH are presented in Fig. 5-16. Unlike haematite, a clear CIP was not 
observed at a particular pH as the intersection points were observe at ~ pH 3, ~ pH 3.8 and 
~pH 10.5 for concentrations of 0.01 M-0.3 M, 0.01 M-0.1 M and 0.1 M-0.3 M, respectively. 
This observation makes it experimentally harder to conclude the Goethite PZC. This effect 
may have resulted due to the complexity of goethite as a material having acicular shape 
morphology in contrast to haematite. Another reason would be due to a slow titration 
resulting in an unwanted titration point. Slow titrations are recommended, so that sufficient 
time is available for the potential determining ions to adsorb on to the mineral surface [22]. 
Although a common intersection point was not observed, the general agreement of increased 
surface charge with the increasing ionic strength of electrolyte solution was observed with the 
goethite titration curves as observed by previous researchers [82, 83].  
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Fig. 5-16 Calculated values of relative surface charge for goethite against pH based on 
the titration measurement method in varying concentration of NaNO3 (0.01 M (■), 0.1 M (●) 
and 0.3 M (▲)) 
Since a conclusive results were not obtained based on the acid-base titration method 
for goethite due to non availability of a common intersection point, an alternative method was 
used as explained by Noh and Schewatrz [44] . In this method, the minerals are suspended in 
a predetermined pH values in a selected concentration of an indifferent electrolyte solution. 
An increasing amount of mineral is then added to the system and allowed to equilibrate for 
sufficient time. Afterwards, the final pH is measured and plotted against the wt. %. This 
curve should result in an asymptote near the PZC with increasing wt. % [44]. The asymptote 
was observed in the range of pH 4.0- 4.5, suggesting that PZC of goethite was closer to this 
range as can be seen in Fig. 5-17. Based on this observation, it can be concluded that 
intersection point of 0.3 M and 0.1 M observed in Fig. 5-16, would have occurred due to 
prolonged titration used. Similar to haematite, the negative charge density with increasing pH 
has assisted the increased floatation behaviour observed above ~ pH 8.5. The sharp decline of 
the floatation recovery below this critical pH for goethite cannot fully be explained using 
surface charge alone; there may have been some other contributing factors such as the 
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acicular shape of goethite which contributed to the surfactant adsorption on to goethite 
surface. It has previously been proven that the particle shape has a significant influence on 
ionic surfactant adsorption on minerals [84].  
 
Fig. 5-17 Measured final equilibrated pH values of goethite suspended in 0.1 M NaNO3 
for determination of PZC by NOH-Schwartz method (pH 4 (■), pH 5 (●) and pH 7 (▲)) 
5.4 Conclusion 
The floatation behaviour of 3 key minerals of red mud is investigated with ionic 
surfactants. Both cationic as well as anionic surfactants were used for the flotation 
experiments. When CTAB was used as a collector, DSP showed an increased recovery 
greater than 90% irrespective of the varying pH values. This increased recovery is attributed 
to the permanent negative charge of DSP and the electrostatic attraction of CTAB with DSP. 
The electrostatic nature of DSP-CTAB attraction was confirmed through zeta potential 
measurements and FTIR analysis. In contrast, DSP showed much lower recovery when K-
Oleate was used as the collector, which was attributed to the net negative charge of DSP. 
Haematite floatation results also showed an increased recovery in presence of CTAB and a 
comparatively lower recovery with K-Oleate. The low recovery with K-Oleate was explained 
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due to the surface contamination of Si on haematite surface; however, CTAB floatation was 
not affected as haematite also has a negative charge at basic pH values. The floatation 
recovery of haematite was slightly lower at ~pH 6 (80%), but was consistently higher at basic 
pH values. Haematite in the presence of K-Oleate as a collector showed a floatation recovery 
between 40-60% for the pH range studied.  The surface charge density was measured using 
titration technique which showed a PZC of haematite at ~pH 6. As confirmed by EDS 
analysis, the presence of impurities influenced the lowering of hematite PZC. Much improved 
recovery was observed for goethite when K-Oleate was used as the collector, suggesting that 
K-Oleate has higher affinity for goethite as compared with other minerals (DSP and 
heamatite). In contrast to haematite and DSP, a significant reduction in the floatation 
recovery for goethite was observed below ~pH 8, when CTAB is used a collector. Since, the 
PZC of goethite was measured to be ~pH 4.0-4.5, the reduction of floatation recovery cannot 
be assigned to charge reversal alone.  Noh-Schwertz method and titration method confirmed 
that the most likely PZC for goethite was below neutral pH. Based on the experimental 
observations, all three minerals showed a higher recovery with CTAB as the collector at basic 
pH values, while K-Oleate showed a much higher recovery for goethite. This chapter lays a 
good foundation for next chapter in terms of understanding the fundamental floatation 
behaviour of haematite, goethite and DSP.  
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6 Chapter 6 De-agglomeration behaviour of red mud under ultrasonication and 
floatation of red mud to recover DSP with ionic surfactants 
6.1 Introduction 
The unique properties of nanoparticles and nanoparticle clusters and their suspensions 
as well as recent advances allowing the manipulation of these have shown huge potential [1]. 
Furthermore, it is imperative to control the rheological and particle size [2] in any processing 
industry especially those containing nanoparticles. The processing of products that consist of 
nanoparticle suspensions requires the incorporation of nanoparticles in the liquid phase, 
breakup of nanoparticle clusters, and stabilization [1]. Such instances could arise in 
manufacturing environments, processing environments or in refining or purification 
industries. In a competitive environment with depleting resources coupled with ever 
increasing global demand for resource, industries are demanding purification or recovery of 
existing resources. Therefore, process technologists and researchers alike are confronted with 
the ever increasing demand of recovering the valuable products with different techniques 
such as floatation.  
Red mud generated as a by product in alumina industry is a good demonstrative 
example of this global issue where researchers are trying to recover any useful minerals or 
chemicals [3-5]. Red mud is kept mainly on large impounds in the vicinity of alumina 
refineries as they could not readily be discharged to the environment due to high alkalinity 
and other associated environmental concerns. Red mud consist mainly heamatite, goethite, 
quartz, anatase and DSP. Among these minerals, DSP is responsible for caustic (NaOH) 
losses to alumina industry and the long-term alkalinity of red mud. Therefore, the recovery of 
these desilication products from red mud would assist in better (i) red mud management and 
(ii) possible sodium recovery resulting in economic saving and environmental benefits. There 
are limited literatures using red mud as a material for study in de-agglomeration. The closest 
examples are soil samples which have been in the centre of attention in agricultural and soil 
sciences studies. In such studies, the use of ultrasonic techniques has been widely adopted as 
a means of physical separation [6-16]. Moreover, those studies confirm that ultrasonication 
has not only been practised for a long period of time in soil samples. Ultrasonication is a 
proven and important means in particle disintegration study. There has been study on the use 
of ultrasonication as a treatment technique on Bayer red mud [17], with the focus of 
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removing Poly Organic Pollutants (POPs). Although the same study claims disintegration of 
iron oxide particles in the clay fraction of red mud, there are no experimental proofs available 
in published literature on the use of this technique. Furthermore, physical treatment methods 
have lesser environmental consequences compared to chemical treatment methods in 
analysing the life cycle of the two processing technologies. Although one could argue Bayer 
red mud is not a natural soil sample, the materials present in red mud are originated from 
Bauxite which is a natural soil material. Since Bauxite is the pre-cursor to Bayer red mud, it 
can be perceived that minerals such as haematite, goethite, alumino substitutions of haematite 
and goethite, boehmite, gibbsite, rutile, originated from bauxite would behave similar to 
natural soil samples under ultrasonic pre-treatment.  
Surfactants play a key role in a number of fields including ore beneficiation and are 
used either in mixed systems or as individual surfactant to assist in material processing. 
These surfactants can be utilised to increase the recovery of valuable minerals when used 
with floatation. Over the past 100 years, flotation has permitted the mining of low-grade and 
complex ore bodies which would have otherwise been regarded as uneconomical. Floatation 
has been successfully used in the recovery of iron oxide minerals [18, 19]. Oleate surfactants 
were preferred ionic type surfactants in these studies for the iron oxide recovery. Nguyen et 
al. [20] has used floatation in a small laboratory column cell, in which colloidal silica 
particles with diameters in the range 40-160 nm were floated using fine bubbles of typical 
average diameter 150 µm. The use of flotation is showing a great potential due to the high 
throughput of modern equipment, low sludge generation and the high efficiency of the 
separation schemes already available [21]. Matis et al. [22] have used arsenic oxyanions by 
sorption onto synthetic goethite followed by floatation. The combined process produced a 
foam concentrate, containing the arsenic-loaded goethite particles with promising results, in 
terms of arsenic removal and of goethite separation. Gemini quaternary ammonium salt 
surfactant (butane-α,ω-bis(dimethyl dodeculammonium bromide), 12-4-12) and its 
corresponding conventional monomeric surfactant (dedecyl trimethyl ammonium bromide, 
DTAB) were used for the floatation of silicate minerals by previous researchers [23]. Das et 
al. [24] studies on the Beneficiation of Indian iron ore slimes using the flotation technique. 
The samples used for the study contained martite, magnetite, goethite, limonite, kaolinite and 
quartz beside hematite as the dominant iron mineral phase. Ionic type collectors have been 
used for the floatation recovery study. Since red mud is a mixture of materials containing 
significant amount of iron oxide originating from bauxite it would be interesting to 
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investigate its response in the presence of ionic surfactants as collectors in floatation. 
Furthermore, since DSP has an aluminosilicate cage structure, ionic surfactant may likely 
assist in floatation separation.   
It is essential to develop a simple process that can disintegrate, separate and recover 
valuable minerals entrapped with red mud particles. In the previous chapter the fundamental 
understanding of floatation behaviour with ionic surfactants were obtained, which will be 
extended to real red mud samples. Furthermore, both physical and chemical pre-treatment 
methods were applied for the recovery of DSP from red mud. We reported the effect of 
physical pre-treatment on selective attachment of ionic surfactant in order to enhance DSP 
recovery.  Influence of the probe size and amplitude of the ultrasonicator on the particle size 
distribution of red mud with time was reported. Furthermore, impact of both the anionic and 
cationic surfactants on the recovery of DSP with respect to pH was investigated. The 
morphology of the obtained minerals was also confirmed using scanning electron 
microscopy. 
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6.2 Materials and Methods 
In this chapter, actual red mud sample will be used for the ultrasonic dispersion 
experiments as well as the floatation tests. 
6.2.1 Materials 
Red mud used in experiments was received form WAPL RMRT. 100 ml of DI water 
was added as the solvent medium in which ultrasonication treatment to be done. The main 
reason for selecting water as the suspension medium was to carry out the ultrasonic treatment 
in line with the way in which red mud is collected in alumina industries. 
6.2.2 Methods 
6.2.2.1 Ultrasonication experiments 
Ultrasonication experiments were carried out in a glass beaker using Sonics (Vibra 
cell
TM
) probe sonicator specified as Model: VCX 750 Frequence: 20 kHz Volts 230 VAC-
50/60 Hz 
Red mud was added in wet basis so that there is only 1 g of red mud in dry basis to a 
150 ml glass beaker. 100 ml of DI water was added to the system. By that way the solid % on 
each experiment was maintained at 1%. The beaker was clamped to the same holder holding 
the ultrasonication connection transducer to prevent movements which would result with an 
alteration of the energy dispersed in the system. The whole assembly of ultrasonication 
system was kept inside a sound abatement system to minimise the effects of sound exposure 
to the user. The parameters of ultasonication were varied by adjusting the conditions using 
the controller connected to the ultrasonication device which was kept outside the sound 
abatement system. All red mud samples for ultrasonication experiments were taken from the 
same sample lot. The probe insertion depth was kept constant at 40 mm in all experiments as 
probe insertion depth has an influence on (Fig. 6-1) ultrasonication [16]. The effect on 
ultrasonication on Amplitudes of 25% and 40% were investigated over a period of 6 hours in 
time intervals of 15 min, 30 min, 1 h, 2h, 4 h and 6 h. Beyond 40% intensity the water 
evaporated at a faster rate requiring adding more water which would have an implication of 
the pre-treatment. Therefore, no experiments were performed greater than 40% amplitude. 
Two probes were used with probe diameters of 13 mm and 25 mm. The sonicator also used a 
pulse: non-pulse ratio of a 1:1 to prevent excessive localized temperatures in the sample 
suspension. Effect of particle size was monitored by using 1 ml of suspension from the 
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ultraosnication batch system. There was approximately 10 min delay between sampling time 
and the measuring time. Furthermore, aliquot of sample was dropped on the Scanning 
Electron Microscopy (SEM) mounts with carbon tape for SEM observation of DSP 
morphology in red mud.  
 
Fig. 6-1 Schematic of the experimental setup 
6.2.2.2 Floatation experiment with red mud 
An equivalent amount of 1 g of red mud on dry basis was added to 100 ml of 
deionised waster for floatation experiments. The pH was adjusted to the required value by 
using of 0.1 M HCl/NaOH. The collectors (CTAB and K-Oleate) were added to the pH 
adjusted solution for conditioning for a period of 20 mins followed by treatment with MIBC 
as the frother for an additional 5 mins. N2 was as used the aeration medium with 3 min 
floatation time. In the case of the ultrasonication followed by floatation experiments 13 mm 
ultrasonic probe was selected for 6h ultrasonication at 60% amplitude prior addition of 
collector, frother and floatation.  
6.2.3 Material characterisation 
Malvern Mastersizer 2000 was used to measure particle size distribution using laser 
light diffraction of ultrasonicated red mud. Water was used as the dispersant with Refractive 
Index (RI) of 1.33 and red mud RI of 2.59 [3]. Using laser diffraction methods to measure 
particle size for ultrasonicated samples is a commonly accepted method [25]. In all particle 
size measurements there was a lag of 10 mins between the sample collection and 
Ultrasonic transducer 
Booster horn 
Insertion depth 
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measurement. Particle size measurements were conducted in a temperature controlled lab at 
22 ± 2°C.  
JEOL 6610 was used for the SEM study of red mud particles. All samples presented 
in this study are coated with carbon using a JEOL JEE-4x carbon coater. Samples are 
mounted on 12.5 mm diameter Al stubs with double sided tape carbon. After a series of 
experiments it was found out approximately 15-25 nm thickness carbon coating suit best for 
red mud particles to be studied under SEM which prevented charge build up on the samples 
under the microscope. Oxford instrument’s Inca software (Version 5.04) was used for the 
Energy Dispersive Spectroscopy (EDS) analysis and mapping experiments. X-ray detector 
used for EDS analysis was fitted with Silicon Drift Detector (SDD) type detector with a size 
of 50 mm
2
. Elemental analysis was done for the following elements. O, Na, Al, Si, S, Ca, Ti 
and Fe using k-α peaks of each of those elements. This elemental analysis was used as an aid 
in clearly identifying DSP masked with other impurities in red mud.  
DSP determination was conducted using the standard method of dissolving 40 mg of 
red mud in 500 ml of 0.1 M HCl for 30 min followed by ICP analysis of Si content. 
6.3 Results and discussion 
6.3.1 Effect of ultrasonication time on particle size distribution 
Fig. 6-2 depicts the influence on red mud particle size distribution with increasing 
ultrasonication time from 15 min to 6 h. Although the full spectrum of particles sizes up to 2 
µm are measured during the experiments, only particle size distribution of particles below 
300 nm is presented in this thesis. Fig. 6-2a shows the bar chart of particle size distribution of 
red mud with 13 mm probe of which samples were taken at 15 min and 30 min intervals of 
ultrasonication. It is evident from the observation of Fig. 6-2a that there were no measureable 
particles below 250 nm. Fig. 6-2b shows the particle size distribution of red mud taken at 1 h 
and 2 h shows a slight increase in the volume % distribution of the particle size class near 300 
nm. However, there is no change observed in the particle sizes below 250 nm indicating that 
further ultrasonication would be required to see disintegration behaviour in red mud. Fig. 
6-2c illustrates the particle size distribution of red mud sample taken at 4 h and 6 h. Unlike 
the observations made in Fig. 6-2a and b, Fig. 6-2c shows an increase on the finer 
nanomaterials particles below 250 nm indicating that the critical time required to disintegrate 
the fine materials in red mud is minimum of 4 h. If the general trend of particle size 
distribution of red mud is analysed in Fig. 6-2, there is an increase of the volume % of the 
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particle size distribution lower than 300 nm in red mud with increasing time duration of 
ultrasonication. The reduction of the volume % of larger particles size fraction or the increase 
of the volume% of finer particles with increasing ultrasonication time has previously been 
observed in natural soil samples [25-28] and is consistent with the observations during this 
study.  
Volume % of the particle size distribution at the lower end of the time durations 
shown in Fig. 6-2a and b is similar irrespective of the amplitude intensity used during the 
time. However, analysing Fig. 6-2c (4-6 h of ultrasoncation) shows a remarkable increase of 
the volume % of the finer size particles in comparison to the ultrasonication time durations of 
15 min-30 min and 1h-2h shown in Fig. 6-2a and b respectively. Therefore, the time duration 
of ultrasonication has an effect on the finer particle size distribution of red mud. Furthermore, 
the effect of ultrasonication becomes much more pronounced as the time duration of 
ultrasonication is increased up to 6 h. Therefore, it can be concluded that after initial 
disintegration of finer particles has taken place the volume % of particle size distribution can 
further be enhanced by exposing to longer time durations of ultrasonication.  
It was revealed previously that a minimum of 4 h was required to observe the initial 
disintegration of particles in red mud to be observed through particle size analysis. This 
observation is attributable to the fine particle size ranges of materials present in red mud 
which have a significantly larger amount of clay fraction (<2 µm) as revealed in chapter 3. 
Such observations of the need of longer time duration have been made in soil samples 
comprising of shale with a large fraction of clay minerals. Furthermore, in the same study it is 
claimed that clay mineral disintegration is much more difficult compared to disintegration of 
comparatively coarser particle agglomerates [7]. Although the reasons are yet to be fully 
explained, it is well confirmed the masking behaviour of comparatively larger size minerals 
present in red mud by much finer sized impurity minerals most of which comprises of iron 
oxides [29]. The details of masking behaviour of red mud were confirmed in chapter 3 of this 
thesis through a morphological analysis of DSP in various size classes of red mud. This 
shows the strong interaction of the minerals in red mud especially in the clay fraction of red 
mud. Hence, this strong interaction can be another attributable factor for demanding longer 
time duration to observe any measurable particle sizes below 250 nm when a 13 mm probe is 
implemented for the red mud disintegration process.  
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From the XRD and TEM microgrpahs shown in red mud in the chapter 3 it was 
understood that finer materials present in red mud are iron oxides mainly haematite, goethite 
and alumino substitutions of haematite and goethite. Therefore, these nanomaterial minerals 
which are released as the ultrasonication progressed can be estimated to be a mixture of the 
impurity minerals of iron oxides and some minor amounts of rutile and calcite which are also 
present in the red mud samples used. The particle size of haematite, goethite and their 
substitutions are estimated to be ranged from 5-150 nm for the naturally occurring soil 
samples [30]. This also support the argument that the particles disintegrated under 
ultrasonication in red mud is most likely finer iron oxide particles as the precursor of the red 
mud used is Darling range bauxite. Based on a comprehensive chemical composition analysis 
of Darling Range bauxite, it is measured that it contains 7-35% iron oxides as Fe2O3 [31]. 
However, an accurate analysis of the nano materials disintegrated would be an extremely 
difficult exercise as micro analyses such as EDS or Wavelength Dispersive Spectroscopy 
(WDS) [32] should needed to be performed in doing so. The main challenge forseen in 
conducting such an analysis would be the material preparation. In other words, even a sample 
is prepared for an analysis it would be challenging to prevent the re-deposition of these 
disintegrated nano particles on red mud during the drying process which makes the accurate 
analysis challenging. The DSP present in red mud seems to be not chemically destroyed or 
morphologically altered during the ultrasonication process as the structure of DSP was 
remained unchanged as seen through a morphological study presented in Fig. 6-3. Fig. 6-3 a-f 
shows the DSP morophology studied using aliquot of samples taken from the suspension of 
ultrasonicated red mud mixture mounted on SEM stubs taking at 15 min, 30 min, 1 h, 2 h, 4 h 
and 6 h respectively. In SEM images the distinct spherical kinting woolball morphology of 
DSP can be clearly observed suggesting the DSP present in red mud is kept intact during the 
ultrasonication treatment. This is an extremely a positive sign suggesting ultraonication pre-
treatment can be used as a potential physical treatment technique to be employed prior to 
subsequent processing steps to recover DSP in red mud. The six images clearly shows the 
gradually revelation of the DSP morphology in red mud as the time progressed from 15 min 
to 6 hours. Of the six images shown, the only exception of DSP morphology being obscured 
was in Fig. 6-3d (sample taken at 2 h) compared to its preceding SEM shown in Fig. 6-3c 
(sample taken at 1 h). This could be due to the re-deposition of the ultrasonicated materials or 
due to the specific DSP particle investigated under the SEM in this instance been not fully 
dispersed after the ultrasonication process. Such an abnormal behaviour is understandable 
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due to the complex nature [33, 34] and the amount of impurity materials with ranging 
material properties [33] found in red mud.  
 
Fig. 6-2 Influence of ultrasonication time on particle size of red mud with 13 mm probe 
  
Chapter 6 
168 
  
 
Fig. 6-3 SEM micrographs of DSP after ultrasonication with 25% intensity using 25 mm 
probe 
Fig. 6-4 shows the effect of red mud particle size below 300 nm, under the influence 
of ultrasonication with a 25 mm probe with similar conditions used for the ultrasonication of 
red mud using the 13 mm probe. Fig. 6-4a shows the particle size distribution of red mud 
using the 25 mm ultrasonication probe using samples taken at 15 min and 30 min time 
intervals of the ultrasonication treatment process. There were no particles below 250 nm 
observable after the ultrasonification process at 15 min and 30 min time intervals. Fig. 6-4b 
shows the particle size distribution of red mud taken at sampling intervals of 1 h and 2h. 
There are recorded incidents of nano particles released to the red mud suspension of water 
after 2 h of ultrasonication for both intensities used for the study. Fig. 6-4c shows the particle 
size distribution of red mud taken at the ultrasonication time intervals of 4 h and 6 h shows a 
(a) (b) 
(c) (d) 
(e) (f) 
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noticeable increase of the nano particles released of the samples obtained at 4 h and 6h time 
durations of ultrasonication. A similar trend on particle size distribution was observed in 
comparing the particle size distribution analysis of red mud using the probe sonicators of 
diameters of 13 mm and 25 mm except in Fig. 6-4b. 
 
Fig. 6-4 Effect of ultrasonication with time on Particle Size Distribution using 25 mm probe 
6.3.2 The effect of amplitude and probe size on ultrasonication 
Although the influence of amplitude on red mud particles disintegration is not clearly 
visible at the initial time durations (15 min, 30 min 1 h and 2 h) it becomes much clearer as 
the time duration goes beyond 4 h. This observation is consistent with probes using 13 mm 
diameter as well as 25 mm diameter. A close observation of Fig. 6-2 and Fig. 6-4 further 
explains this phenomenon. Fig. 6-2a,b showing the ultrasonication effect of 13 mm probe of 
red mud at 15-30 min and 1-2h respectively does not show a significant difference between 
25% amplitude of ultrasonication and 40% ultrasonication. However, Fig. 6-4c shows a 
marked increase of the effect of amplitude as the volume % of particles is comparatively 
larger with 40% amplitude in Fig. 6-2c. As this phenomenon is repeated with the 25 mm 
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probe suggest that the observation is not as isolated incident but rather a phenomenon taken 
place in red mud under ultrasonication. Fig. 6-4a-b showing the effect of ultrasonication with 
the 25 mm probe at 15-30 min and 1-2 h does not show an effect of ultrasonication amplitude 
where as the effect of amplitude on particles size distribution is much more pronounced with 
increased time duration to 4-6h as can be seen in Fig. 6-4c.  
A comparison of the effect of probe size on ultrasonication of red mud can be made 
by observing the particle size distribution analysis presented in Fig. 6-2 and Fig. 6-4. The 
volume % of particle size distributions at 15 min and 30 min intervals of ultrasonication 
using 13 mm probe and 25 mm probe are presented in Fig. 6-2a and Fig. 6-4a respectively. 
The volume % of size distribution is close to 0.1% in both cased suggesting that the influence 
of the probe size at 15 min and 30 min intervals are not significant. A comparison of the 
volume % of particle size distribution of red mud at 1 h and 2 h shown in Fig. 6-2b and Fig. 
6-4b shows the variation of the particle size distribution varies between 0.08% and 0.14%. 
Similarly when comparing the particle size distribution of red mud at 4h and 6 h 
ultraosnication varies between 0.25% to 0.5% indicating the influence of probe size is 
comparatively smaller compared to the effect presented by the amplitude on particle size 
distribution. 
Based on these observations with 13 mm probe and 25 mm probe it is evident that the 
influence on the increase of particle size distribution is influenced by amplitude used during 
the sonication process and the effect is evident as the sonication time is increased. 
6.3.3 Complexity of red mud through repeated ultrasonic pre-treatment experiments 
To investigate the particle disintegration behaviour of red mud under ultrasonication, 
three repeat experiments were done on each experimental condition. This section will look at 
the comparative experiments done on red mud samples on repeated conditions. Some general 
trends on the particle size distribution of red mud are observed during the repeated 
experiments. However, there were some exceptions in analysing the detailed size distribution 
and morphological analyses. Fig. 6-5 shows the particle size distribution of red mud of three 
repeat experiments of samples taken at 15 min and 30 min time intervals. It confirms the first 
experimental (Fig. 6-2a) observation where particles below 250 nm are not released with 
ultrasonication up to the duration of time intervals of 15-30 mins in all three separate 
experiments with 25% amplitude. However, In some instances (Fig. 6-5b) there was an 
exception where particles below 250 nm are been released at 15 min and 30 min time 
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intervals with 40% intensity. These can be attributed to loosely attached mineral particles in 
red mud. Such observations where in certain areas of DSP had attachments of impurity 
minerals where as some areas were free from any attachment to impurity minerals. Hence it 
can be understood under some specific conditions the release of impurity possible when the 
attachements are loosely bonded where as in some specific examples longer duration of 
ultrasonication exposure or more intense energy is required to break the attachments. 
Therefore, it can be perceived that the release of impurity particles attached to minerals in red 
mud can depend on the specific attachments they posses which would give rise to the 
anomalies observed in independent ultrasonication experiments. However, in order to release 
these particles it is confirmed that the amplitude of ultrasonication needs to be 40%. This 
observation further emphasises and confirms that particles below 250 nm are not released to 
the liquid environment with ultrasnoication amplitude of 25% with 13 mm probe.  
 
Fig. 6-5 Comparative study of particle size distribution of three separate experiments using 
13 mm probe for ultrasonication (15 min and 30 min) 
Chapter 6 
172 
  
The comparison of particle size distribution of red mud under the influence of 
ultrasonication for samples measured at 1 h and 2 h shown in Fig. 6-6. As a general trend in 
each of these cases it can be seen that ultrasonication time has an effect on the release of 
nanoparticles to the system with increasing time between 1 h and 2 h with the amplitude of 
25% in all of the cases. This observation is consistent with 40% amplitude also in all of the 
cases except in Fig. 6-5c where the 40% amplitude at 2 h shows a lower particles size 
contribution compared to its counterpart of 1 h of sonication with 40% amplitude. This can be 
attributed to the specific sample being very tightly bound which is presented in Fig. 6-6c.  
 
Fig. 6-6 Comparative study of particle size distribution of three separate experiments using 
13 mm probe for ultrasonication (1 h and 2 h) 
The comparison of the particle size distribution analysis of ultrasonicated red mud at 
4 h and 6 h using the 13 mm probe is shown in Fig. 6-7 in three separate experiments. It is 
evident from a previous discussion that the influence of amplitude on red mud particle size 
distribution is much more pronounced as the treatment duration increased. The effect can be 
readily observed by looking at Fig. 6-7 a and b. Fig. 6-7 c is an exception to this observation 
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as the 40% intensity of amplitude does not show a pronounce increase of volume % of finer 
size particle size distribution under investigation. This anomaly can be explained by the 
complex nature of red mud used for the ultraonication study. In other words, the properties of 
red mud can vary from sample to sample and even on the same sample there can be local 
variations. Such observation is common on natural soil samples used for ultrasonication as 
claimed by Yang et al’s[13]. Therefore, it can be understood that ultrasonication behavior 
especially in natural samples are sample specific which would require close observation of 
the parameters when used in experiments. Such understandings would be essential as there 
would be future possibilities of developing these technologies to an industrial operation 
which would require close process controlling. A further proof can be understood by 
following the lower volume % trend observed in the specific sample used for the 
ultrasonication treatment of red mud used for 40% amplitude with 13 mm probe. In other 
words, it can be understood that lower % of fine materials of red mud seen in this particular 
experiment is not an isolated phenomena but rather a sample specific example. In comparing 
Fig. 6-5c, Fig. 6-6c and Fig. 6-7c shows lower volume % particles finer than 250 nm is 
observed in all cases indicating our aforementioned argument is consistant with the 
observations.  
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Fig. 6-7 Comparative study of particle size distribution of three separate experiments using 
13 mm probe for ultrasonication (4 h and 6 h) 
Having understood that there could be specific instances in which materials could be 
strongly bonded to materials in red mud it was decided to investigate the morphological and 
chemical composition behavior of DSP under the influence of ultrasonication. The SEM 
micrographs of DSP in two separate cases of ultrasonication is shown in Fig. 6-8 a and b. Fig. 
6-8a show SEM micrograph of DSP taken after ultrasonication of 4 h using 25 mm probe and 
Fig. 6-8b shows a separate example of a DSP particle under the same conditions. A 
morphological observation shows that DSP is much more cleaned in the first example where 
as the DSP morphology is obscured in the second example. Therefore, it is confirmed that 
ultrasonication pre-treatement is sample specific as can be seen from the microscopic 
observation level. The ratios of the elemental analysis of DSP particles shown in Fig. 6-8 are 
shown in Fig. 6-9. The dotted line shows the elemental analysis of the DSP particle shown in 
Fig. 6-8a and the solid line shows the elemental analysis corresponding to the DSP particle 
shown in Fig. 6-8b. By analyzing the relative ratios using the EDS analysis these minerals 
represented nosean type DSP with elemental ratio of Na (4.9) :Al (11.7) :Si (9.7) :S (1). 
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Although the actual ratio is not 100% match with the theoretical ratios they nearly agree with 
the relative ratios for this study purpose of distinguishing the DSP particles from the rest of 
the minerals. The relatively higher percent of elemental Al ratio can be influenced by other 
phases such as alumino substituted iron oxide mineral phases and other alumina phases which 
may be difficult to be observed in SEM.  
 
Fig. 6-8 Comparison of DSP particle after 4 hours of ultrasonication in 2 separate 
experiments using 25 mm probe with 25% intensity 
 
Fig. 6-9 EDS analysis of DSP particles shown in Fig. 6-8 Na:Al:Si:S ratios 
(b) (a) 
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It was understood that the ultrasonicaiton treatment effect on red mud is sample 
specific depending on the level of attachment based on the SEM observations of DSP 
particles. In order to confirm that this observation is consistent few other DSP particles were 
monitored at different ultrasonic pre-treatment conditions. A separate example is presented in 
Fig. 6-10 where DSP samples from ultrasonicated were investigated after 15 min of 
ultrasonication using 13 mm probe with 40% intensity. Fig. 6-10a shows the clear knitting 
wool ball morphology of DSP particles whereas from a morphological point of view it was 
difficult to clearly distinguish the DSP particles from the rest of the minerals present in red 
mud. Therefore, like in the previous example it can be seen that under specific conditions the 
amount in which DSP is revealed under the influence of ultrasonication can be different. The 
help of EDS has to be seeked in identifying the DSP particles present in red mud. The EDS 
spectra of the DSP particles present in Fig. 6-10 are shown in Fig. 6-11.  
  
Chapter 6 
177 
  
 
 
 
 
 
Fig. 6-10 SEM micrograph of DSP particle viewed after 15 min of ultrasonication in separate 
experiments using 13 mm probe with 40% intensity 
 
Fig. 6-11 EDS analysis of DSP particles shown in Fig.6-10 Na:Al:Si:S ratios 
 
 
 
 
(a) (b) 
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6.3.4 Floatation of red mud before and after ultrasonication  
After successful floatation experiments of synthesised DSP, commercial grade 
haematite and goethite using ionic collectors (CTAB and Potassium Oleate), these surfactants 
were also used in floatation experiments of actual red mud generated from the alumina 
industry. Fig. 6-12 shows the floatation results of red mud (Western Australia) with both 
CTAB and K-Oleate as the collectors. An optimum recovery of total red mud about 70% and 
30% was observed for both the cationic and anionic collectors, respectively. Similar to the 
results obtained using individual minerals (DSP, haematite and goethite), CTAB showed a 
much higher floatation recovery of red mud than the anionic collector (K-Oleate). The 
recovery was almost constant with change in pH value (7.5-11.5) with the cationic surfactant, 
which is in line with the recovery observed when individual DSP and commercial grade 
haematite was used. In the case of K-Oleate, an insignificant floatation recovery was noticed 
between pH values of 7.5-10.5, while a slight drop in recovery occurred at the strongly 
alkaline pH value studied. This slight drop in recovery at pH 11.5 was also noticed with 
commercial grade goethite and was attributed to the hydrolysis of oleate and repulsion 
between the negatively charged bubbles and minerals [19]. Before the floatation experiment, 
the amount of DSP in red mud was determined using that standard procedure of acid 
dissolution and was found to be within the range of 6-8%.  The highest DSP content of 
~10.4% in the froth fraction was noticed at pH values above 10 when CTAB was used as 
collector. Since, it was generally observed that the majority of DSP in red mud was coated 
with impurity minerals (mainly iron oxides), the possible explanation for the rise in the DSP 
content with increasing pH (> 10) might be due to presence of goethite, which was also 
noticed when CTAB was used with the commercial grade goethite. The highest DSP recovery 
with the anionic surfactant was observed between pH 8-9.5, with approximately 11.3 % DSP 
in the froth fraction. K-Oleate has been known to show an increase in floatation recovery at 
this pH range with commercial grade haematite as reported in our earlier study (chapter 5). 
This significant increase in DSP recovery within this pH range might indicate the presence of 
haematite on the surface of the desilication product, although the presence of goethite cannot 
be ruled out.  
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Fig. 6-12 Floatation recovery of red mud to froth fraction (CTAB (□) and K-Oleate (○)) and 
% of DSP (CTAB (■) and K-Oleate ()) 
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Since ultrasonication has been found to be an effective method of loosening of 
available minerals on the surface of red mud and assisted in the increase of the extractable 
iron during the CBD treatment (Chapter 4), prior ultrasonication of red mud before floatation 
could help in DSP recovery. Fig. 6-13 shows the floatation results of red mud with both the 
anionic and cationic surfactants after ultrasonication. A maximum floatation recovery of 
~60% was obtained when CTAB was used as the collector, while about 20% recovery was 
observed in the presence of the anionic surfactant. Although the floatation recovery for both 
collectors were lower than the experiments without ultrasonication, an improved recovery of 
DSP was noticed. The lower floatation recovery noticed with the pre-treated red mud 
(ultrasonication) might be due to the reduction of the overall particle size distribution of red 
mud, which have been known to play a significant role in floatation [35]. The optimum DSP 
content (~13%) was noticed at pH 8.5 in the presence of the cationic surfactant, while the 
optimum DSP recovery (~10%) was observed at pH 10.5 for the anionic surfactant. The sharp 
drop in the DSP content in the presence of the anionic surfactant in not surprising, since 
significant reduction in the surface coating of DSP is expected after the pre-treatment.  
 
Fig. 6-13 Floatation recovery of red mud to froth fraction after ultrasonic pre-treatment 
(CTAB (□) and K-Oleate (○)) and % of DSP (CTAB (■) and K-Oleate (•)) 
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The surface morphologies of the red mud recovered in the froth fraction after 
floatation with ionic surfactants are presented in Fig. 6-14. Fig. 6-14a-d shows the SEM 
images of the recovered red mud obtained after the floatation experiments in the presence of 
anionic surfactant. The morphology of the collected red mud conditioned at pH 10.5 shows 
the presence of wool ball-like DSP as shown in Fig. 6-14a. The knitting wool ball-like 
morphology of the coated DSP is more evident in Fig. 6-14b. Both images obtained at pH 
10.5 shows that the morphology of DSP can clearly be seen due to less attachment of other 
impurities (mainly iron oxides). Analysis of spot A in Fig. 6-14a also confirms the less Fe 
coating on the DSP particles. The recovered red mud conditioned at pH 8.5 is shown in Fig. 
6-14c. Although the morphology of DSP cannot be clearly seen from the SEM image, its 
presence was confirmed using the EDS analysis. Table 6-1 summaries the elemental 
composition of spot A,B and C corresponding to SEM images of pH 10.5, 8.5 and 7.5, 
respectively. Fe concentration of about 14.6 % was obtained at spot B indicating the surface 
coating of the DSP with iron oxides which might have increased the recovery of DSP.  No 
clear DSP morphology was also noticed at pH 7.5 due to the attachment of iron oxide on the 
surface (Fig. 6-14d). Presence of DSP was also confirmed based on the EDS analysis (spot C) 
with less alumina substitution as compared to the recovered red mud samples conditioned at 
pH 8.5. Fig. 6-14e shows the clear DSP morphology in the red mud collected at the froth 
fraction in the presence of CTAB as the collector at pH 8.5. In contrast, the red mud collected 
at pH 10.5 shows considerably higher amount of surface coating on DSP collected (Fig. 
6-14f). This surface coating might have aided the increased DSP recovery at pH values above 
10 in the presence of CTAB (Fig. 6-12) 
  
Chapter 6 
182 
  
 
Fig. 6-14 SEM images of red mud collected at the froth fraction after floatation separation 
with ionic surfactants (at pH (a-b) 10.5 (c) 8.5 (d) 7.5 with K-Oleate and at pH (e) 8.5 (f) 
10.5) with CTAB) 
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Table 6-1 Elemental composition of SEM images in Fig 14 a,c and d (Spot A-C) 
Element (At. %)\pH 10.5 8.5 7.5 
O K 66.8 68.15 69.56 
Na K 11.45 3.96 8.51 
Al K 9.47 8.41 8.85 
Si K 7.96 2.46 5.85 
S K 0.91 0.31 0.78 
Cl K 0.08 0.37 0.21 
Ca K 0.55 0.42 0.46 
Ti K 0.29 1.29 0.49 
Fe K 2.48 14.63 5.28 
Totals 99.99 100 99.99 
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6.4 Conclusions 
The agglomerations in red mud particles under the influence of ultrasonication tend to 
disintegrate, with particle size of about 250 nm emerging after a minimum treatment of about 
4 h. The few exception in the variation of the particle size distribution with time, might be 
due to the complex nature of red mud particles which comprises a matrix of materials 
including, haematite, goethite, anatase, rutile, quartz and DSP. The probe size showed less 
influence on the particle size distribution as compared to ultrasonication amplitude. 
In some instances, DSP morphology was revealed under the influence of 
ultrasonication confirming this treatment technique as an effective method of extracting 
potentially valuable minerals in red mud. Some of the DSP coated with impurity minerals 
were also confirmed using the EDS analysis with a general nosean type DSP ratio of Na 
(4.9): Al (11.7): Si (9.7): S (1). The relatively higher percent of elemental Al might have been 
influenced by other phases such as alumino substituted iron oxides and other alumina 
minerals such as gibbsite and boehmite. The ball-like morphology of most DSP particles was 
kept intact even after 6 h ultrasonication treatment. 
Floatation experiment was found to be a versatile technique for the recovery of DSP 
from red mud. The recovery of DSP particles was strongly influenced by both the pH and the 
type of surfactant used. In the case of the red mud without ultrasonic pre-treatment, froth 
section contained a DSP content of ~10% at pH values above 10, when CTAB was used as 
the collector. The rise in the DSP recovery noticed above pH 10 might be due to the presence 
of iron oxide minerals. The DSP content can be increased if accompanied by less associated 
minerals (goethite and haematite) as evident in floatation results presented in Chapter 5.   
Using actual red mud sample, the anionic surfactant exhibited its highest DSP 
recovery (~11%) in the slightly basic range and a sharp drop above pH 10 due to the 
hydrolysis of Oleate. This is in contrast to the results with the pure materials (Chapter 5), 
where the anionic more selective to goethite.  
Ultrasonically treated red mud resulted in an overall decrease in recovery of red mud 
for both surfactants, which might be related to the drop in floatation efficiency due to particle 
size. An optimum DSP content of ~13% was noticed at pH 8.5 in the presence of CTAB, 
while about 10% was observed at pH 10.5 for K-Oleate. 
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7 Chapter 7 Conclusions and recommendations 
7.1 Conclustions 
In this thesis, a western Australian red mud was studied with the aim of enhancing the 
DSP content. The following conclusions may be drawn: 
 
1. Highly concerntrated DSP can be obtained in the finer size (<5 µm) class of red mud 
by size classication. Red mud was classified into five fractions based mainly on 
particle size, which were identified as sand (<53 µm), coarse silt (20-53 µm), medium 
silt (5-20 µm), fine silt (2-5 µm) and clay fractions (>2µm). The initial DSP content 
from ~7% before size separation was increased to about 14% and 12% in the fine silt 
and clay fractions, respectively. DSP morphology was more obvious in larger size 
classes (sand and coarse fractions) while it was concealed in finer fractions, i.e. 
medium silt, fine silt and clay fractions. Interestingly, in the large size classes, the 
spherical knitting wool ball like morphologies appeared to be more pronounced in the 
mid sections of clusters, while it was less obvious when moving closer to the edge. 
 
2. CBD method which employs reduction mechanism to remove iron oxides in red mud 
is more effective for the purpose of increasing the DSP content compared to 
complexation and protonation mechanisms. Using the sodium citrate-bicarbonate-
dithionite treatment, Fe showed the highest dissolution rate with a complete 
dissolution of haematite while significant amount of goethite could still be detected 
from the XRD results. Surface composition analysis results indicated that detectible 
Fe was removed from the surface of clay fraction of red mud following successive 
CBD treatments. After the final CBD cycle of the clay fraction of red mud, an 
increment of approximately 83 % (from 12 to 22 %) in the DSP content was achieved, 
indicating the effectiveness of the dissolution method. Ultraonic pre-treatment 
assisted the CBD dissolution process, due to twice extractable Fe was removed 
compared to the one without pre-treatment. DFOB chelating agent showed greater 
affinity to Si and Al mineral dissolution compared to Fe showing CBD method is the 
still most effective in terms of selective iron oxide minerals while leaving DSP 
undissolved. 
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3. The fundamental floatation studies with the synthesised DSP and the commercial 
grade iron oxides (goethite and haematite) revealed that DSP and haematite were 
preferentially selective for cationic surfactant over the near neutral and basic pH 
values. While the high selectivity of DSP for CTAB is anticipated, the surprisingly 
high selectivity of haematite for CTAB was attributed to Si contaminations on the 
surface. In contrast to DSP and haematite, goethite showed much improved recovery 
when K-Oleate was used as the collector, suggesting that the anionic collector has 
higher affinity for goethite. 
 
4. Ultrasonic pre-treatement resulted in a dispersion of red mud particles which assisted 
in subsequent DSP recoveries in floatation studies. The agglomerations in red mud 
particles under the influence of ultrasonication tend to disintegrate, with particle size 
of about 250 nm emerging after a minimum treatment of about 4 h. The few exception 
in the variation of the particle size distribution with time, might be due to the complex 
nature of red mud particles which comprises a matrix of materials including, 
haematite, goethite, anatase, rutile, quartz and DSP. The spherical knitting wool ball 
morphology of most DSP particles was kept intact even after 6 h ultrasonication 
treatment. Floatation experiment was found to be a versatile technique for the 
recovery of DSP from red mud. The recovery of DSP particles was strongly 
influenced by pH, type of surfactant and ultrasonic pre-treatment. A DSP content of 
approximately 10.4% was in the froth section of red mud floated with the cationic 
surfactant (CTAB) of the red mud without ultrasonication, while the optimum DSP 
content of the froth section was ~ 11.3% in the presence of the anionic surfactant (K-
Oleate). In the case of CTAB, a rise in the DSP recovery was noticed higher than pH 
10 due to the presence of iron oxide minerals. On the other hand, the anionic 
surfactant exhibited its highest DSP recovery in the slightly basic range and a sharp 
drop above pH 10 due to the hydrolysis of Oleate. Ultrasonically treated red mud 
resulted in an optimum DSP content of ~13% at pH 8.5 in the presence of CTAB, 
while about 10% was observed at pH 10.5 for K-Oleate. 
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7.2 Recommendations for future works 
The following future recommendations are listed which would further improve DSP 
removal from red mud and potential sodium recoveries. 
1. During the morphological observations of size classified red mud DSP clusters were 
observed in the sand and coarse silt fractions has much less coating compared to other 
size finer size classes. Furthermore, the mid sections of these clusters showed much 
less impurity coating compared to the edges. This could be studied in detail to 
understand the reason for forming such clusters. If the DSP formed during the Bayer 
process can achieve more DSP concentrations in the larger size fractions, this might 
assist in the subsequent sodium recovery.  
 
2. DSP also showed a very consistent spherical knitting wool ball like morphology with 
particle sizes in the range of 2-3 microns. This would be a starting point for a novel 
recovery system based on the shape and consistent particle size of DSP. However, a 
key challenge will be to find a separation technique which operates above acidic pH 
values as DSP dissolves below and near neutral pH values.   
 
3. The chelating agent (DFOB) used for the comparative iron dissolution study showed 
that Si, Al was also dissolved while Fe showed much low dissolutions. There may be 
other chelating agents that might be more selective for Fe compared to Al and Si 
which would help in dissolving more Fe. It would be worthwhile to investigate such a 
chelating agent especially if recovered from natural system.  
 
4. Si contaminations on haematite were responsible for the increased haematite recovery 
with the cationic collector (CTAB). A selective removal of Si on haematite surface 
might decrease the haematite selectivity to CTAB potentially increasing the DSP 
recovery with CTAB. Floatation studies can also be expanded to test the floatability 
of other types of surfactants such as non-ionic and zwetter ionic surfactants. A 
mixture of surfactants may also improve the high selectivity of DSP.  
 
 
